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Chapter 1 | Introduction

Children with Developmental Coordination Disorder (DCD) experience motor difficulties
during many activities, that interfere with their daily living and academic achievement
(American Psychiatric Association, 2013; World Health Organization, 2007). DCD has
a prevalence rate of 5-6% in school-aged children (American Psychiatric Association,
2013). It is a heterogeneous disorder, with individual children facing different problems,
in different motor domains, and to a different extent (Cermak, Gubbay, & Larkin, 2002;
Geuze, 2007). For example, the one child may have problems with gross motor skills
such as throwing and catching or learning to ride a bicycle, while another child may have
problems with fine motor skills such as handwriting skills or using a scissor (Cermak et
al., 2002; Geuze, 2007). Also a combination of difficulties with gross motor skills, fine
motor skills or balance can be present. Children with DCD face many challenges when
performing everyday tasks such as closing buttons and zips and tying shoelaces, or
running up and down a flight of stairs quickly and safely. Also participation in sports,
playground games and physical education classes is impaired. Children with DCD show
restricted participation in activities of daily living and face physical and psycho-social
problems such as poor physical fitness, low self-esteem, and social exclusion (Geuze, 2007;
Magalhaes, Cardoso, & Missiuna, 2011; Mandich, Polatajko, & Rodger, 2003). Without
adequate intervention, these difficulties persist into adolescence (Hellgren, Gillberg,
Gillberg, & Enerskog, 1993; Rasmussen & Gillberg, 2000). To limit the consequences of
the disorder for children with DCD, it is important to gain more knowledge about the
mechanisms of disordered motor control. This will help to improve current treatments
for children with DCD focusing on improvement of motor skills. Likely, improving motor
skills of children with DCD will enhance participation (Schoemaker & Smits-Engelsman,
2015).
Until present, the cause of the motor problems seen in children with DCD is not yet
known. The aim of the present thesis is to examine the mechanisms of impaired motor
control seen in children with DCD.

1.1 Background
Due to the unknown underlying mechanisms of DCD, various terms have been used to
describe ‘motor difficulties’ in children over the years. Clumsiness in children was first
reported in 1937, and defined as one of the six most commonly occurring developmental
disorders (Orton, 1937). In the seventies, it was described as the ‘clumsy child syndrome’
by Gordon and McKinlay (1970) and Gubbay (1975), while Ayres (1972) referred to the
clumsiness seen in some learning disabled children as ‘developmental dyspraxia’.
Other terms are ‘perceptual-motor dysfunction’ (Laszlo & Bairstow, 1985) and ‘physical
awkwardness’ (Wall, Reid, & Paton, 1990). In the 1980s in The Netherlands the term
‘minimal brain dysfunction’ (MBD) was advocated (Kalverboer, 1996) to define children
of ‘normal intelligence’ who demonstrated behavioural and learning problems, which
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were assumed to be related to a minimal dysfunction of the nervous system. The term
MBD was later replaced by complex ‘minimal neurological dysfunction’ (MND), described
as ‘a distinct form of perinatally acquired brain dysfunction which is likely associated
with a structural deficit of the brain’ (Hadders-Algra, 2002); pre-term birth was believed
to be one factor that commonly contributes to the expression of MND (Davis, Ford,
Anderson, & Doyle, 2007; Goyen & Lui, 2009; Holsti, Grunau, & Whitfield, 2002; Missiuna
et al., 2008). In Sweden Gillberg and Rasmussen (1982) introduced the acronym DAMP
for children with ‘deficits in attention, motor control and perception’.
Over the past thirty years the Diagnostic and Statistical Manual for Mental Disorders
(DSM) has formalized the diagnostic categorization of poor motor skill in children as
Developmental Coordination Disorder (DSM-III-R - American Psychiatric Association,
1987). In the International Classification of Disease (ICD - 10) DCD is described as ‘specific
developmental disorder of motor function’ (World Health Organization, 1993). The DSM
diagnostic criteria have undergone minor modifications since this time, right up to the
current version, DSM-V (American Psychiatric Association, 2013). The terminology DCD
refers to the neurodevelopmental nature of the disorder and links to the coordination
difficulties that are experienced (Cermak et al., 2002). The label DCD has indeed been
used in the majority of studies in the last twenty years (Geuze, Jongmans, Schoemaker,
& Smits-Engelsman, 2001; Smits-Engelsman, Schoemaker, Delabastita, Hoskens, &
Geuze, 2015). Clear diagnostic criteria for DCD are now available (American Psychiatric
Association, 2013) (Table 1.1) and have (partly) been operationalized. Motor performance
is evaluated in relation to age-appropriate motor skills (Criterion A). The use of
standardized norm-referenced measures of motor coordination, such as the Movement
Assessment Battery for Children 2nd edition (mABC-2 (Henderson, Sugden & Barnett,
2007) is therefore recommended as part of the diagnostic process. To meet Criterion
A, a total score at or below the 16th percentile or component score at or below the 5th
percentile is generally recommended (DCD Stuurgroep NL, 2013). Whether the motor skill
problems significantly and persistently interfere with academic achievement or activities
of daily living (Criterion B), has to be determined by a paediatrician or other medical
specialist skilled for this assessment (DCD Stuurgroep NL, 2013). The DCD-Q can be used
to gain additional information about functional problems at home and at school. The
assessment of the onset of symptoms (Criterion C) is not yet operationalized. The motor
impairment can be assessed as young as three years of age using for example the mABC2 (Henderson, et al., 2007) or McCarron Assessment for Neuromuscular Development
(MAND) (McCarron, 1997), but a diagnosis DCD is usually not given before the age of
five (Geuze, Schoemaker, & Smits-Engelsman, 2015). Criterion D should be assessed by
a paediatrician or other medical specialist. An examination of physical condition (motor
abilities, neurology, visual abilities), communicative abilities, IQ, behaviour and social
circumstances should be performed and is a prerequisite for diagnosing a child with DCD.
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A DCD diagnosis can only be given if IQ is above 70 on an individual, standardized IQ-test.
An IQ above 70 can be assumed when the child attends regular primary education and did
not repeat any of the classes (DCD stuurgroep NL, 2013).
Table 1.1. - DSM-V diagnostic criteria for DCD (American Psychiatric Association, 2013)
A.

Acquisition and execution of coordinated motor skills is substantially below that expected given the individual’s
chronological age and opportunity for skill learning and use.

B.

The motor skill deficit in Criterion A significantly and persistently interferes with activities of daily living appropriate for
chronological age (e.g. self-care and self-maintenance) and impacts academic/school productivity, prevocational and
vocational activities, leisure and play.

C.

Onset of symptoms is in the early developmental period.

D.

The motor skills deficits are not better explained by intellectual disability (intellectual developmental disorder) or visual
impairment and are not attributable to a neurological condition affecting movement (e.g. cerebral palsy, muscular
dystrophy, degenerative disorders).

1.2 Mechanisms of disordered motor control in DCD
The underlying cause of the motor problems observed in DCD is not yet known. Several
hypotheses about the aetiology of DCD have been postulated in earlier research. Some
of these used behavioural experiments to examine motor control systems that might be
impaired in DCD (Wilson & McKenzie, 1998; Wilson, Ruddock, Smits-Engelsman, Polatajko,
& Blank, 2013), other lines of research focused on the functioning of specific brain areas
(Kaplan, Crawford, Cantell, Kooistra, & Dewey, 2006; Zwicker, Missiuna, Harris, & Boyd,
2012).
Researchers attempt to find the cause of DCD by isolating the motor control systems
that might be compromised in DCD and might explain their motor skill learning difficulties
(Hill & Wing, 1999). Almost twenty years ago, Wilson and McKenzie (1998), in a metaanalysis, summarized earlier work that pointed to a variety of sensori-perceptual deficits
in DCD. Since then, there has been evidence of problems with motor programming and
timing in DCD with cerebellar involvement such as: (i) compromised grip fore control and
coordination at early and late stage of movement (e.g. Hill & Wing, 1999; Law, Lo, Chow,
& Cheing, 2011; Mak, 2010), (ii) difficulty with the temporal coordination of eye and hand
movements (Hill & Wing, 1999) and (iii) less accurate and more variable performance
of cyclical movements (Bo, Bastian, Kagerer, Contreras-Vidal, & Clark, 2008; Sugden &
Chambers, 2006). In 2013, Wilson et al. published a comprehensive meta-analysis related
to the underlying motor control and cognitive deficits reported in DCD. Their findings
suggested several areas of pronounced difficulty, including internal (forward) modelling,
rhythmic coordination, executive function, gait and postural control, catching and
interceptive action, and aspects of sensoriperceptual function.
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Another line of research focused on finding possible areas of brain dysfunction in children
with DCD. Three neuro-anatomical regions have been proposed as possible foci for the
aetiology of DCD: (1) cerebellum (Debrabant, Gheysen, Caeyenberghs, Van Waelvelde, &
Vingerhoets, 2013; O’Hare & Khalid, 2002; Van Waelvelde et al., 2006) (2) parietal cortex
(Kashiwagi, Iwaki, Narumi, Tamai, & Suzuki, 2009; Zwicker, Missiuna, Harris, & Boyd,
2011), and (3) basal ganglia networks (Groenewegen, 2003; Li, Su, Fu & Pickett, 2015).
Evidence of impaired postural control and predictive motor timing observed in DCD
(Debrabant et al., 2013; Fong, Tsang, & Ng, 2012; Geuze, 2005), support the cerebellar
hypothesis. The general reduction in the ability to automate motor skills is also consistent
with impaired cerebellar function and is shown by over-reliance on external forms of
feedback when controlling movements, e.g. (Nicolson, Fawcett, & Dean, 2001). This was
formulated by Nicolson et al. (2001) as the ‘automatization deficit hypothesis’ in relation
to dyslexia. They argued that any problem with this automatization process will appear
if conscious monitoring of the motor skill is difficult, either by stress or by some other
task requiring attentional resources. Evidence of impaired online control and impaired
cross-modal transformation (Hyde & Wilson, 2011a; Kashiwagi et al., 2009), supports the
parietal network hypothesis. The basal ganglia network hypothesis is supported by the
perceptual problems, sensorimotor coordination and motor learning problems (Gheysen,
Van Waelvelde, & Fias, 2011; Smits-Engelsman, Niemeijer, & van Galen, 2001; Li et al
2015). These multiple domains of impairments and possible areas of brain dysfunction
suggest that the poor motor skills and reduced ability to acquire new skills are associated
with a generalized brain dysfunction or delay. Given the heterogeneity of individuals with
DCD, it is likely that the aetiology of DCD is not limited to a single brain area or network
(Peters, Maathuis, & Hadders-Algra, 2013; Zwicker, Missiuna, Harris & Boyd, 2010).
Multiple brain regions should be considered that can contribute to the motor coordination
problems observed in DCD. Intriguingly, the diagnostic criteria for DCD (from both the
DSM-V (American Psychiatric Association, 2013) and ICD-10 (World Health Organization,
2007)) identify a neurological condition affecting movement as an exclusion criterion for
DCD. The described areas of brain dysfunction in DCD would question current diagnostic
scheduling.

1.3 Internal modelling deficit (IMD) hypothesis
Focusing on the motor control systems that might be compromised in DCD and consistent
with a more generalized brain dysfunction in DCD, converging evidence suggests that
children with DCD have difficulties with the predictive control of movements (Wilson
& Butson, 2007; Wilson et al. 2013). According to the internal modelling deficit (IMD)
hypothesis, children with DCD have a reduced ability to utilize predictive motor control
(Wilson & Butson, 2007; Wilson et al., 2013). Internal models of movements are
constructed in order to provide predictions about the sensory feedback of a movement
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and to enhance the processing of sensory information (Wolpert, 1997). The importance
of forward (or predictive) estimates of limb dynamics and trajectory to the realization
of motor control has been validated in numerous behavioural studies (Boyle, Kennedy,
Wang, & Shea, 2014; Houde & Borst, 2014; Shadmehr, Smith, & Krakauer, 2010).
Predictive models contribute to volitional control and the stability of the motor system
by anticipating the sensory consequences of a given movement. The internal prediction
(or emulation) occurs before slow, sensorimotor feedback becomes available (Wolpert,
1997), providing a means of rapid online correction (Hyde & Wilson, 2011a; 2011b).
Dysfunction to this mode of control would severely impact the motor learning capabilities
of a child, consistent with the profile of performance that is observed in children with DCD.
The process of forward internal modelling is depicted schematically in Figure 1.1.
According to Kawato (1999), internal models are mechanisms that simulate the input or
output functions of the motor apparatus. When a motor plan is made, a motor command
is generated by the motor cortex and relayed to the body via descending corticospinal
tracts (Tresilian, 2012). An efference copy of this motor command is generated in parallel
as a corollary discharge and relayed to parietocerebellar and parietofrontal networks.
These networks support a process of comparison between predicted estimates of limb
dynamics that is provided by real-time sensory feedback (Bubic, von Cramon, & Schubotz,
2010). Errors in prediction are used as an input signal to modulate the ongoing action
plan, with a latency that is much smaller than that is possible via sensory feedback-based
control (Hyde & Wilson, 2011a,b). Importantly, this process of control and error correction
also generates training signals that can fine-tune forward planning over repeated trials or
learning experiences.
The construction of internal models tends to be specific to the effector system
involved (Kawato, 1999; Wolpert & Miall, 1996) but is flexible enough for some degree
of generalization across related types of movement. For example, separable but
overlapping systems support the forward modelling of eye movements, reaching
movements, grip force control, and dynamic postural control (Davidson & Wolpert, 2005).
At the same time, multiple internal models can be learned and combined adaptively
with repeated practice (Wolpert & Kawato, 1998; Wolpert, Miall, & Kawato, 1998). The
results of the study of Ahmed and Wolpert (2009) support the existence of separate
mappings for posture and movement. These two mappings encode similar dynamics but
can be adapted independently. Whether deficits to the internal modelling system are
generalized to different effector systems or are more confined to specific systems (or
forms of body mapping) is a current issue of debate. The systematic review in this thesis
(Chapter 2) aimed to clarify whether deficits in the internal modelling system in DCD are
a generalized deficit, or more confined to specific effector systems.
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Figure 1.1. - Forward model of motor control (adapted from Bubic, von Cramon, &
Schubotz, 2010).

1.3.1 Experimental paradigms to examine predictive control of manual
action
Various experimental paradigms, that tap into different aspects of internal modelling,
have been used in earlier studies. Problems with motor imagery, action planning, and rapid
online control in DCD have been shown across a number of studies (Wilson et al., 2013). The
rationale behind these different experimental paradigms is briefly explained below.
Firstly, motor imagery involves the mental rehearsal or simulation of a motor task in the
absence of overt movement, and is considered as a valid and valuable mean of describing
the content of internal models (Decety, 1996a; Sirigu et al., 1995). Two often used motor
imagery paradigms are mental rotation and mental chronometry. In the mental rotation
paradigm, participants make judgments on the laterality or identity of stimuli (i.e. hands,
whole-body) at different angles of rotations. Use of motor imagery is inferred, for limbrelated stimuli, when the biomechanical constraints of the simulated movement are
reflected in the pattern of response time or error data such that longer reaction times
are present for laterally orientated stimuli than for medially orientated stimuli (Parsons,
1994; ter Horst, van Lier, & Steenbergen, 2010). In the mental chronometry paradigm, the
relation between the duration of real and imagined movements is studied. Chronometry
between the durations of real and imagined movements is taken as evidence for the use
of motor imagery (Decety, Jeannerod, & Prablanc, 1989).
Secondly, action planning paradigms provide a window into both, the content of
the internal model and the execution of this model. Wolpert, Ghahramani, and Jordan
(1995) showed that an estimation of the future location of the hand could be obtained by
combining efferent and afferent signals in a forward model. Action planning paradigms
are used to examine how accurately the end-state of a movement is predicted, based
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on the forward model (Johnson, 2000; Steenbergen, Jongbloed-Pereboom, Spruijt,
& Gordon, 2013). Earlier research points to a causal link between motor imagery and
planning for end-state comfort because similar neural structures are activated during
imagery of end-state postures and the actual planning of movement (Hanakawa, Dimyan,
& Hallett, 2008; Lacourse, Orr, Cramer, & Cohen, 2005). We define action planning as
the ability to take into account the goal of the task when first taking hold of an object
(Johnson-Frey, McCarty, & Keen, 2004). The forward planning process is apparent when
participants plan for end-state comfort even when they have to sacrifice initial comfort
(Rosenbaum et al., 1990). Experimentally, the end-state comfort paradigm has been
used to examine this effect (e.g. the sword task (e.g. Jongbloed-Pereboom, Nijhuisvan der Sanden, Saraber-Schiphorst, Crajé, & Steenbergen, 2013) and the bar grasping
task (e.g. Noten, Wilson, Ruddock, & Steenbergen, 2014)). The variable of interest is
the percentage of comfortable end positions. The higher this percentage the more the
participant planned for end-state comfort.
Thirdly, the rapid online control of movements requires that the motor system predicts
the future location of the moving limb using a forward internal model (Desmurget &
Grafton, 2003; Jeannerod, 2006; Wolpert, 1997). Recently, it was shown that motor
imagery ability was a significant predictor of the ability to implement online (reach)
corrections in healthy adults (Hyde, Wilmut, Fuelscher, & Williams, 2013) and children
with DCD (Fuelscher, Williams, Enticott, & Hyde, 2015). This forward estimate of limb
position permits the rapid integration of efferent and afferent signals, accelerating
perceptual-motor responsivity (Desmurget & Grafton, 2003). During targeted-directed
reaching, the nervous system has to implement rapid changes in trajectory, in-flight,
should movements be perturbed or in the event of a visually detected change in the
environment. Online corrections of this type depend on an individual’s ability to compare
the predicted sensory consequences of a prospective action (based on the forward
internal model) and actual sensory feedback (Izawa & Shadmehr, 2011; Shadmehr &
Krakauer, 2008; Wolpert, Diedrichsen, & Flanagan, 2011). Experimentally, the operation
of these internal feedback loops has been examined using double-step perturbation
paradigms (e.g. Hyde et al., 2013). Movement times in response to target perturbation
are then examined.
Although the described paradigms measure different aspects of internal modelling,
they had not been administered within the same group of children at the start of this
PhD project. This left open the question whether impairment in one aspect of internal
modelling (e.g. motor imagery), indicated impairment on the other aspects such as
action planning and rapid online control. In addition, it is suggested that performance of
children with DCD might depend on task complexity (Noten et al., 2014) and that poor
sense of body movement and position might be one of the perceptual factors related
to poor motor coordination in children with DCD (Bairstow & Laszlo, 1981; Coleman,
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Piek, & Livesey, 2001). These issues are addressed in the subsequent chapters of this
thesis. Furthermore, insight into the developmental trajectory of predictive control of
movements in DCD is given, and this helps to clarify whether the deficit seen in DCD is a
developmental immaturity or some deviance from normal development (Hyde & Wilson,
2013; Ruddock et al., 2015). From a clinical perspective, a developmental delay in DCD
would suggest that children have the potential to improve their predictive control skills
but that development is delayed. Indeed, intervention can subsequently help to accelerate
this process and improve the motor skills of children with DCD. If the impaired predictive
control seen in DCD reflects a disorder, possibly with an identifiable neurological basis,
children might not be expected to acquire age-appropriate predictive control skills at all
(Hyde & Wilson, 2013). Training for children with a (neurological) deficit might mean that
additional compensative strategies should be taught.

1.3.2 Motor imagery training to improve motor skills in DCD
To improve predictive control of movements in children with DCD, motor imagery training
can help to build and encourage the use of participants’ motor representations. During
motor imagery training, the participant is asked to imagine making a certain movement,
which is expected to facilitate the participant in predicting the consequences of actions
in absence of the overt movement. In combination with continued actual performance,
participants use the knowledge of the relation between vision and kinaesthesis to make
accurate predictions of the consequences of self-produced movements, which will reduce
the errors in feedforward planning (Blank, Smits-Engelsman, Polatajko, & Wilson, 2012).
In adults, motor imagery training has shown to improve performance in sports
(Janssen & Sheikh, 1994) and also in rehabilitation it has been proven that motor
imagery training can enhance motor recovery after stroke (for reviews see Malouin &
Richards, 2010; Zimmermann-Schlatter, Schuster, Puhan, Siekierka, & Steurer, 2008).
The rationale for using motor imagery training to promote the (re)learning of motor skills
arises from the functional correlates that motor imagery shares with the execution of
movements (Case, Pineda, & Ramachandran, 2015). The duration of mentally simulated
actions usually correlates well with the duration of real movements, indicating that
the simulation of movements evokes similar autonomic responses (Hetu et al., 2013;
Malouin, Richards, Jackson, Dumas, & Doyon, 2003). An important difference in motor
imagery training used in adults (athletes and post-stroke patients) compared to its use in
children is that the former group of individuals are capable or have been capable before
to perform a selected movement. In the systematic review of Schuster et al. (2011) it was
indicated that motor imagery training is evaluated in more than 100 studies with adult
patients. However, only a restricted number of studies have used motor imagery training
in children.
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In children, MI training is used to learn motor abilities that they do not yet master. A
prerequisite for motor imagery training, especially in children, is that children are able
to engage in motor imagery. Questions concerning the motor imagery ability of children
below the age of 10 years, have only been answered recently (Spruijt, van der Kamp,
& Steenbergen, 2015a, 2015b). Motor imagery training has already been described as a
therapeutic approach for children with DCD, but it is not recommended yet because there
is a lack of solid empirical evidence (Blank et al., 2012). Only one study reported the use of
motor imagery training in children with impaired motor skills (Wilson, Thomas, & Maruff,
2002). This study showed that after five hours of individual training, the motor imagery
training group significantly improved their motor skills as measured by the mABC, while
the wait list control group showed no significant improvements. In the current thesis
we report a replication study of this motor imagery training in a DCD sample with more
pronounced motor difficulties. Furthermore, a motor imagery training protocol for use in
clinical setting with children was developed and tested.

1.4 Outline
This thesis aims to examine the predictive control of movement in children with DCD, in
particular performance across tasks that tap into different aspects of predictive control
using within-subjects designs and the developmental trajectory of these skills. To this
end, we reviewed the literature on forward modelling of movements in DCD (Chapter 2)
and categorized the literature according to the effector system involved (i) visuospatial
attention and oculomotor control, (ii) control of manual action, and (iii) dynamic postural
control. Results on feedforward planning of manual actions were most equivocal. Various
paradigms and experimental tasks are used in earlier research making comparison
among studies difficult. Therefore, we focused on this specific effector. We performed
two cross-sectional studies to examine the predictive control of hand movements using
different paradigms using a within-subjects design. In Chapter 3, we examined motor
imagery, action planning and rapid online control in children with DCD and gender- and
age-matched controls aged 6-11 years. Furthermore, following the suggestions that
performance might depend on task complexity and that poor position sense might be
related to reduced poor motor coordination, we examined action planning with two tasks
varying in complexity and position sense of a DCD and control group (Chapter 4). To
unravel whether the motor imagery and action planning deficits seen in DCD are the
result of a developmental delay or a persistent deficit (Hyde & Wilson, 2013; Ruddock
et al., 2015), we report the results of a longitudinal study on the development of motor
imagery and action planning in children with DCD and age- and gender matched
controls (Chapter 5 and 6). For this longitudinal study, the cohort that is described in
Chapter 3 was followed for two years and development over time was examined in three
subsequent measurements. To examine the effectiveness of motor imagery training for
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DCD, a replication study of Wilson et al. (2002) is reported in Chapter 7. In addition, we
developed a study protocol for a randomized controlled trial to examine the feasibility
and effectiveness of motor imagery training in a more clinical setting (Chapter 8).
Findings from a pilot study using this protocol are presented in Chapter 9.
The final chapter (Chapter 10) is a discussion of the main findings of the various
studies. The theoretical and clinical applications of our findings are outlined and
recommendations for future research are discussed.
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Chapter 2
Compromised motor control in children
with DCD: A deficit in the internal model?
– a systematic review

Published as:
Adams, I.L.J., Lust, J.M., Wilson, P.H., & Steenbergen B. (2014). Compromised motor
control in children with DCD: A deficit in the internal model? - a systematic review.
Neuroscience & Biobehavioral Reviews, 47, 225-244. doi: 10.1016/j.neubiorev.2014.08.011.
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Abstract
A viable hypothesis to explain the compromised motor ability
of children with Developmental Coordination Disorder (DCD)
suggests a fundamental deficit in their ability to utilize internal
models for motor control. Dysfunction in this mode of control is
thought to compromise their motor learning capabilities. The aim
of this systematic review is to examine the available evidence for
the internal modelling deficit (IMD) hypothesis. A systematic review
using five databases identified 48 relevant articles. These studies
were categorized according to the effector system involved in the
evaluation of motor control and were evaluated for methodological
quality. In most papers, DSM-IV-TR criteria for the classification
of DCD were not completely fulfilled and possible attentional
problems not accounted for. Results showed compromised control
of overt and covert eye movements, dynamic postural control,
manual control for tasks that vary in complexity, and for motor
imagery of manual and whole-body postures. Importantly, this
review shows support for general hypothesis that deficits of
predictive control manifest in DCD across effector systems.
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2.1 Introduction
Children with Developmental Coordination Disorder (DCD) show an impaired ability
to learn age-appropriate motor skills in the absence of any general medical condition,
pervasive developmental disorder, or low IQ (American Psychiatric Association, 2000)1.
A prevalence rate of about 6% in children aged 5-6 years (Mandich & Polatajko, 2003)
attests to the significance of the disorder. Indeed, longitudinal data show that children
with motor deficits also commonly experience social problems, emotional difficulties
and learning problems at school which can persist into adolescence (Hellgren, Gillberg,
Gillberg & Enerskog, 1993; Rasmussen & Gillberg, 2000).
The aetiology of DCD is still largely unknown. DCD was first described as a form
of ‘minimal brain dysfunction’ (MBD). This term was used to describe a collection of
symptoms reflecting learning, attention, and motor coordination deficits (Clements &
Peters, 1962). MBD was later replaced by complex ‘minimal neurological dysfunction’
(MND), described as ‘a distinct form of perinatally acquired brain dysfunction which is
likely associated with a structural deficit of the brain’ (Hadders-Algra, 2002, p.568); preterm birth was believed to be one factor that commonly contributes to the expression
of MND (Davis, Ford, Anderson, & Doyle, 2007; Goyen & Lui, 2009; Holsti, Grunau,
& Whitfield, 2002; Missiuna, et al., 2008). Over the past 15-20 years, the DSM has
formalized the diagnostic categorization of poor motor skill in children as Developmental
Coordination Disorder (DCD) (DSM-IV; American Psychiatric Association, 1994). This has
undergone minor modification since this time, right up to the current version, DSM-V
(American Psychiatric Association, 2013).
Several hypotheses about the aetiology of DCD have been postulated in earlier
research. One suggests that DCD is the result of diffuse brain dysfunction, rather than
abnormality of specific areas of the brain. Gilger and Kaplan (2001) have proposed that
symptoms of DCD, reading disability and ADHD all reflect the same underlying brain
deficit labeled as ‘atypical brain development’ (ABD) (Gilger & Kaplan, 2001; Kaplan,
Wilson, Dewey & Crawford, 1998). According to Kaplan et al. (1998), ABD may express
itself in a variety of behavioural symptoms and deficits depending on the timing, location,
and severity of the disruption in brain growth and development. However, testing of and
evidence in support of this hypothesis has been difficult to garner (Wilson, Ruddock,
Smits-Engelsman, Polatajko, & Blank, 2013).

1

In the recently released DSM-V (APA), a pervasive developmental disorder is no longer an exclusion
criterion for DCD. We refer to the DSM-IV criteria because all of the included studies in this current review
utilise DSM-IV criteria.
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Other researchers attempt to find the cause of DCD by isolating the motor control
systems that might be compromised in DCD and, thus, explain their skill learning
difficulties (Hill & Wing, 1999). Earlier work pointed to a variety of sensori-perceptual
deficits in DCD, particularly in the visual modality. This was summarized in the metaanalysis of Wilson and McKenzie (1998). In other work since then, there has been some
converging evidence of motor programming and timing deficits in DCD with cerebellar
involvement likely. Cerebellar involvement has been proposed in several studies: (i)
deficits in grip force control and coordination at early and late stages of movement (Hill &
Wing, 1999); (ii) difficulty in the temporal coordination of eye and hand movements (Hill
& Wing, 1999); and (iii) less accurate and more variable performance of cyclical movements
(Bo, Bastian, Kagerer, Contreras-Vidal, & Clark, 2008; Sugden & Chambers, 2006).
A general reduction in the ability to automate motor skills is also consistent with
impaired cerebellar function and is shown by over-reliance on external forms of feedback
when controlling movements (e.g., Nicolson, Fawcett, & Dean, 2001). Nicolson and
colleagues formulated this as the ‘automatization deficit hypothesis’ in relation to
dyslexia and argued that any deficit in this automatization process will appear if conscious
monitoring of the motor skill is difficult, either by stress or by some other task requiring
attentional resources.
Another prominent hypothesis on the basis of motor control deficits in DCD concerns
the internal modelling of movements. According to the internal modelling deficit (IMD)
hypothesis, children with DCD have a reduced ability to utilize predictive motor control
(Wilson & Butson, 2007; Wilson, et al., 2013). Internal models provide stability to the
motor system by predicting the outcome of movements before slow, sensori-motor
feedback becomes available (Wolpert, 1997), providing a means of rapid online correction
(Hyde & Wilson, 2011a,b). Dysfunction to this mode of control would severely impact the
motor learning capabilities of a child, consistent with the profile of performance we see
in children with DCD. These children are characterized by slow, effortful, and inaccurate
movements, and are regarded as being overly dependent on visual feedback (Wilson
et al., 2013). Delay or disruption to the parieto-cerebellar axis may explain this pattern
of performance. This network is involved specifically in the generation of forward (or
predictive) models and the process of comparing forward estimates of limb position with
actual sensory feedback (Desmurget & Grafton, 2003). Errors of prediction are detected
rapidly, with error signals (sent by both the cerebellum and posterior parietal cortex) used
to modulate output signals as well as modifying internal models for action as part of the
motor learning process (Kawato, 1999). Wilson and Butson (2007) noted that the response
pattern of children with DCD showed marked similarities to that seen in patients with a
unilateral lesion in the parietal lobe when performing a motor imagery task.
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Figure 2.1. – Forward model of motor control (adapted from Bubic, von Cramon, & Schubotz,
2010)

In a recent review on DCD the main motor control and cognitive deficits associated with
DCD were described (Wilson, et al., 2013). Among the categories of deficit was internal
modelling (i.e., predictive control), together with rhythmic coordination and timing,
executive function, dynamic control of posture and gait, and interceptive action (catching
and manual interception). The IMD hypothesis is supported by a number of studies
showing deficits of predictive control in manual action, eye movements, and posture
and gait. While comprehensive, the review of Wilson and colleagues did not include an
evaluation of research quality for each study in the sample. As well, the body of work has
continued to grow significantly since mid-2011. Therefore, the present paper presents an
up to date systematic review and a critical evaluation of the available empirical evidence
for a deficit in the internal modelling of movements in DCD.
The process of forward internal modelling is depicted schematically in Figure 2.1 and
shows the importance of prediction in the control of action (Grush, 2004). According
to Kawato (1999), internal models are mechanisms that simulate the input or output
functions of the motor apparatus. When a motor plan is generated, a motor command
is generated by the motor cortex and relayed to the body via descending corticospinal
tracts (Tresilian, 2012). At the same time, an efference copy of this motor command is
generated as a corollary discharge and relayed to parietal-cerebellar cortices (Wolpert,
1997). The predicted and actual sensory feedback is then compared, with somatic
events processed at the level of the cerebellum and visuospatial integration in parietal
association cortex. When mismatch occurs between predictive estimates of limb position
and position indicated by sensory feedback, error signals are generated in order to
correct/modulate the unfolding motor output commands in real time. Online correction

23

Chapter 2 | Systematic review internal modelling deficit hypothesis DCD

is needed when the initial movement plan is not specified accurately either because the
initial model was incorrect or because of environmental changes (or perturbations).
Again, the ability to make these (rapid) online corrections is thought to be related to
how well the nervous system can predict the future location of moving limbs using a
forward internal model (Desmurget & Grafton, 2003; Jeannerod, 2006; Shadmehr, Smith,
& Krakauer, 2010; Wolpert, 1997). A functional loop between parietal cortex and the
cerebellum is thought to monitor forward estimates of limb position, the basis for online
correction (Blakemore & Sirigu, 2003; Shadmehr, et al., 2010). Importantly, error signals
also act as a training signal for refining the accuracy of predictive models; this iterative
process is thought to be fundamental for motor learning (Davidson & Wolpert, 2005).
Internal models of movements are constructed in order to provide expectations of the
sensory feedback and to enhance the processing of sensory information. In the case of
motor imagery, these models can also be run off-line. Motor imagery can, thus, also help
to evaluate motor representations and to train predictive control (Grush, 2004).
The development of internal models tends to be specific to the effector system
involved (Kawato, 1999; Miall & Wolpert, 1996) but is flexible enough for some degree
of generalization across related types of movement. For instance, a forward model
system has been proposed for oculomotor control, located in brain stem circuits, and
others for target-directed, manual action. Indeed, separable but overlapping systems
support the forward modelling of eye movements, reaching movements, grip force
control, and dynamic postural control (Davidson & Wolpert, 2005). At the same time,
multiple internal models can be learned and combined adaptively with repeated practice
(Wolpert & Kawato, 1998; Wolpert, Miall, & Kawato, 1998; Ahmed & Wolpert, 2009). In
short, internal models can be regarded as motor primitives— the building blocks used
to construct motor behaviours and motor learning (Wolpert & Kawato, 1998). Whether
putative deficits to the internal modelling system (that is predictive control—Wilson, et
al., 2013) are generalized to different effector systems or are more confined to specific
systems (or forms of body mapping) is an important issue of debate. The results of the
study of Ahmed and Wolpert (2009) support the existence of separate mappings for
posture and movement. These two mappings encode similar dynamics but can be adapted
independently. The present systematic review will help to clarify whether deficits in the
internal modelling system in DCD are generalized or more confined to specific systems.
The IMD hypothesis has now been tested using a converging set of paradigms
including covert orienting of visuospatial attention (e.g. Tsai, Pan, Cherng, Hsu, Chiu.,
2009b; Wilmut, Brown, & Wann, 2007; Wilson & Maruff, 1999; Wilson, Maruff, &
McKenzie, 1997), imagined or simulated pointing (e.g. Lewis, Vance, Maruff, Wilson &
Cairney, 2008; Maruff, Wilson, Trebilcock, & Currie, 1999), mental rotation of limb- versus
object-based stimuli (e.g. Williams, Omizzolo, Galea, & Vance, 2013; Williams, Thomas,
Maruff, Butson & Wilson, 2006; Williams, Thomas, Maruff & Wilson, 2008), predictive
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control of eye movements (e.g. Katschmarsky, Cairney, Maruff, Wilson & Currie, 2001;
Langaas, Mon-Williams, Wann, Pascal, & Thompson, 1998), grip force and anticipatory
postural adjustments (e.g. Jover, Schmitz, Centelles, Chabrol, & Assaiante, 2010; Jucaite,
Fernell, Forssberg, & Hadders-Algra, 2003; Pereira, Landgren, Gillberg, & Fossberg,
2001), and studies on the rapid online control of reaching movements (e.g. Hyde &
Wilson, 2011a,b). The results of these studies converge on the argument that children
with DCD have difficulty representing a predictive model of a prospective action,
whether based on visuospatial or somatic information. Critically, each paradigm used in
these studies requires that the performer uses forward estimates of limb/body dynamics
or perceptual experience in order to maintain movement control, the main distinctions
being the effector system involved and the type of information that is modeled - for
example, oculomotor plans in the case of visuospatial attention; endpoint coordinates
that specify limb trajectory in the case of manual response, and manual force in the case
of grasping and lifting (Geuze, 2007).
Taken together, there is good support for the hypothesis that predictive control
(forward internal modelling) is impaired in DCD (Wilson, et al., 2013). However, a
systematic review is needed to equate the quality of evidence, to include studies up until
the beginning of 2013, and evaluate studies according to the effector system involved.
The specific objectives of this systematic review were to: (i) conduct a systematic review
of the DCD literature focused on the IMD hypothesis; (ii) examine the methodological
quality of the relevant studies, (iii) describe whether the support for an internal modelling
deficit is convincing enough to conclude it exists in children with DCD and (iv) make
informed recommendations for future research.

2.2 Methods
2.2.1 Search strategy
A literature search was conducted using 5 electronic databases: PsycINFO, Web of
Science, PubMed, Embase and the Cochrane Library. These databases were selected as
they represent a broad spectrum of disciplines that perform research related to DCD.
The final search was performed on the 22nd of January 2013. There was no restriction
to the year of publication - all articles present in the databases at this time point were
searched. The search was conducted in English and limited to the English language
publications. For all databases, except the Cochrane Library, it was possible to directly
limit our search to the English language. Because the term DCD was only introduced
rather recently (American Psychiatric Association, 1987) and other terms to describe
children with motor coordination problems are widely used in the literature, we searched
a broad spectrum of synonyms for DCD (Table 2.1). To maximize inclusion of studies
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Table 2.1. – Search terms used for selection of scientific articles
#1 DCD

#2 Visuospatial attention #3 Motor imagery

#4 Motor planning

#5 Online control

‘Developmental coordination disorder’*
DCD
‘Motor Skills Disorder’**
Clumsiness
‘Clumsy child syndrome’
‘Clumsy child’
Clumsy
Incoordination
Dyscoordination
‘Minimal brain dysfunction’
‘Minor neurological dysfunction’
‘Minor neurological disorder’
‘motor delay’
‘Perceptual motor deficit’
‘Perceptual motor difficulty’
‘Perceptual motor dysfunction’
‘Perceptual motor impairment’
‘Developmental dyspraxia’
Dyspraxia***
Dysgraphia
‘Developmental right hemisphere
syndrome’
‘Movement disorder’
‘motor impairment’
‘Motor coordination difficulty’
‘Motor coordination problem’
‘Motor learning difficulty’
‘Motor learning problem’
‘Mild motor problem’
‘Non verbal learning disability’
‘Non verbal learning disorder’
‘Non verbal learning dysfunction’
‘Physical awkwardness’
‘Physically awkward’ ‘Psychomotor
disorder’
‘Deficits in attention motor control and
perception’
DAMP
Apraxia
‘Motor delay’
‘Motor learning disability’
‘Developmental apraxia’
‘Sensorimotor difficulties’
‘Sensory integration dysfunction’
‘Dyspraxia-dysgnosia’
‘Poorly coordinated children’

‘Visuospatial attention’
‘Attention disengagement’

‘Motor imagery’
‘Mental rotation’
‘Internal imagery’
‘Mental simulation’
‘Action representation’
‘Mental representation’

‘Motor planning’
‘Feedforward modelling’
‘Feedforward modelling’
‘End state comfort’
‘End-state comfort’
‘Planning action’
‘Action planning’
‘Movement prediction’

‘Online control’
‘Online feedback’
‘Rapid online control’
‘Online motor control’
‘Error feedback’
‘Inhibitory control’ ‘Inhibitory
response capability’
‘Response inhibition’
‘Motor adaptation’ ‘Predictive
control’ ‘Predictive information’
‘Online correction’
‘Online corrections’

#6 IMD

#7 Parietal function

#8 Cerebellar function

#9 Frontal function

‘Internal modelling deficit
hypothesis’
IMD
‘Efference copy’
‘Forward model’
‘Forward modeling’
‘Forward modelling’
‘Predictive modelling’
‘Predictive modeling’
‘Inverse model’
‘Feedforward control’
‘Feedforward mode of control’
‘Internal model’
‘Internal modelling’
‘Internal modeling’
‘Perceptual-motor interaction’
‘Perceptual motor interaction’

‘Parietal function’
‘Parietal dysfunction’

‘Cerebellar function’
‘Cerebellar dysfunction’

‘Frontal function’
‘Frontal dysfunction’

* Used as Thesarus term in Embase with the ‘explode function’
**Used as MESH term in Pubmed with the ‘explode’ function.
*** Used as Thesarus term in Psychinfo and Embase with the ‘explode function’
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relevant to the IMD hypothesis we combined the term DCD and its synonyms (1) with the
following key terms: (2) visuospatial attention, (3) motor planning, (4) motor imagery,
(5) online control, (6) IMD, (7) parietal function, (8) cerebellar function and (9) frontal
function. Various synonyms of these key terms were also searched (Table 2.1) and in
some cases combined with the ‘explode’ feature to search narrower related terms in the
hierarchical list. If applicable, synonyms were searched in singular and plural and with
and without dash sign between words. In Psychinfo and Embase, Thesarus terms were
used if possible, and in Pubmed search terms were also used as MESH terms, if available.
The key terms were combined as follows: 1 AND (2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR
9). In addition, hand searches were made of the reference lists of relevant reviews and
included articles. Finally, a minor search in Google Scholar was conducted with only the
key terms (1-9) to check whether any additional research reports appeared.

2.2.2 Inclusion and exclusion criteria
The inclusion criteria for the systematic review were studies that (1) presented
experimental data that bore directly on the integrity of (forward) internal modelling in
DCD; (2) were published in peer reviewed journals; (3) provided a comparison between
children meeting a minimum definition of DCD and a typically developing control group;
and (4) utilized a standardized assessment of motor skill to achieve a research “diagnosis”
of DCD (including Movement Assessment Battery for Children (mABC - Henderson
& Sugden, 1992), McCarron Assessment of Neuromuscular Development (MAND McCarron, 1997) or Bruininks Test of Motor Proficiency-2 (BOT-2 - Bruininks & Bruininks
2005). In addition, only studies written in English were included in this systematic review.
Exclusion criteria were (1) studies that focused on a medical intervention (paramedical
studies were included); (2) studies that were qualitative in nature; (3) case studies; and
(4) studies with participant groups that violated DSM-IV-TR criteria for DCD, such as
children with an identifiable neurological disorder, an IQ score outside the normal range
or children with any (gross) physical or sensory impairment.

2.2.3 Identification
The database search identified a total of 1421 records. After removing duplicates, a total
of 998 records were identified. On the basis of abstract, title, and in- and exclusion criteria,
76 potentially relevant articles were identified and screened for retrieval. Based on fulltext, 40 of these 76 were selected for this systematic review and were supplemented with
7 articles found in the reference lists (of the 40 selected research reports and relevant
narrative reviews) and 1 article from Google Scholar. This resulted in a total of 48 articles
in this review. All the included studies were case control studies. We did not find relevant
cohort or controlled intervention studies. We categorized the included studies according
to the effector system that was involved: (i) visuospatial attention and oculomotor
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control (13 studies), (ii) control of manual action (33 studies) and (iii) dynamic postural
control (2 studies). Details can be found in Figure 2.2.

1421

records identified through
database searching

998

records after duplicates removed

922

records excluded based
on title and abstract

76

articles retrieved for more
detailed information

8

36

additional publications derived from
reference list of selected articles (n=7)
and Google Scholar (n=1)

articles excluded based on full text, with reasons:
- No DCD group (25)
- No experimental data (2)
- Task does not require internal modeling of movements (7)
- Study about motor sequence learning (1)
- Study on inhibition of response, but no online control (1)

48

articles included in the
systematic review

13

Visuospatial attention and
oculomotor control

33

Control of manual action

2

Dynamic postural control

Figure 2.2. – Flow chart of the included and excluded studies

In the first category (visuospatial attention and oculomotor control) there were four
studies on overt oculomotor control and nine on covert oculomotor control. Overt
oculomotor control was examined using a double step saccade task and pursuit eye
tracking. Covert oculomotor control was measured mainly using the covert orienting of
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attention task (COVAT); here central cues are used to elicit voluntary shifts of attention
(endogenous mode) and peripheral cues elicit automatic shifts (exogenous control).
The second category (control of manual action) comprised 22 studies on (overt) manual
control and 11 studies on covert simulation of manual control. The former was examined
using either target-directed movements (reach and grasp, pointing, or tracing) or load
lifting tasks. Target-directed movements were included only if a significant element of
predictive control was required as when correcting an ongoing movement (e.g., doublestep reaching), simulating a prospective action (e.g., planning manuals action that afford
end-state comfort; Rosenbaum, van Heugten, & Caldwell, 1996), or adapting movements
over trials to altered task constraints (e.g., reaching under altered visual feedback). In the
case of double step reaching, rapid online corrections are necessary, which presupposes
a system of feedforward prediction (Wilson, et al., 2013). The load lifting tasks mainly
required adjustments to altered surface properties or inertial load. Effective adaptation
to these perturbations is based on detection of somatic events that are not necessarily
predicted as part of the forward modelling process. Indeed, Blakemore and colleagues
(Blakemore, Frith, & Wolpert, 2001) refer to this as “somatic event detection”, mediated
largely by cerebellar circuits. Covert simulation of manual action is required for mental
(limb) rotation tasks and the visually guided pointing task (VGPT); these covert (or
imagined) actions are based on an internal representation of limb dynamics and
prospective changes in limb orientation.
The third category (dynamic postural control) contained two studies that were
concerned with anticipatory postural adjustments made during a lifting task.
Overall, the studies included in the review covered a broad range of tasks that tested
different aspects of the internal modelling of movement across effector systems in DCD.

2.2.4 Methodological quality
All included publications in this systematic review were fully read by the first and second
author (I.A, J.L) and were assessed using the Critical Appraisal Skills Programme (CASP)
for case control studies (CASP, 2010a). The CASP questionnaire has sections that assess
study validity: methodological quality, presentation of results and external validity.
Question 6a relating to confounds was rephrased as, ‘Have the authors identified all
important confounding factors?’, in accordance with the CASP for cohort studies (CASP,
2010b). Furthermore, we scored whether precise statistical results were presented
with ‘yes’, ‘can’t tell’, or ‘no’, using the answers to questions 7 and 8 of the case control
list. Question 9, addressing whether the results were interpreted appropriately, was
answered in the same way as question 10 of the cohort list (‘yes’, ‘can’t tell’, or ‘no’).
Question 10, relating to the generalizability of results was rephrased as, ‘Can the results
be applied to the general population?’. To evaluate the inclusion of cases more thoroughly,
question 3 was expanded with four additional questions (3a to 3d) that reflected whether
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DSM-IV-TR criteria for DCD were fulfilled (American Psychiatric Association, 2000). The
DSM-IV criteria were used because most of the included studies were published before
the new DSM-V criteria for DCD were released in 2013 (American Psychiatric Association,
2013). The first and second author both read and scored the articles according to CASP
independently. Then the CASP scores were discussed until consensus was achieved
(Table 2.2). Cohen’s kappa was calculated as a measure of initial inter-observer agreement.
Table 2.2. – Methodological quality of included studies scored with the CASP list for case
control studies
Screening Methodological quality
1

2

3

3A 3B 3C

3D 4

5

Presentation External
of results
validity
6A 6B 7+8 9
10 11

1. Visuospatial attention and oculomotor control
1.1. Overt visuospatial attention and oculomotor control
Katschmarsky et al. (2001)

y

y

y

y

n

c

y

y

y

n

c

y

c

y

y

Langaas et al. (1998)

y

y

y

y

y

n

y

n

y

n

y

n

c

c

y

Wilmut et al. (2007)

y

y

y

y

n

n

y

y

y

n

y

n

c

y

y

y

y

y

c

n

y

c

y

y

Wilmut & Wann (2008)

y
y
y
y
c
y
1.2. Covert visuospatial attention and eye movement preparation
Endogenous mode
Chen et al. (2012)

y

y

c

y

c

y

y

y

y

c

n

y

c

y

y

Tsai et al. (2009b)

y

y

y

y

n

c

y

y

y

y

y

y

y

y

y

Tsai (2009)

y

y

y

y

y

y

y

y

y

c

y

y

y

y

y

Mandich, Buckolz et al. (2003)

y

y

y

y

y

c

y

y

y

n

y

y

c

c

y

Tsai et al. (2010)

y

y

y

y

y

y

y

y

y

y

y

y

y

y

n

Tsai et al. (2012)

y

y

y

y

y

y

y

y

y

y

y

y

y

y

c

Tsai et al. (2009a)

y

y

y

y

n

c

y

y

y

y

y

y

y

y

y

Wilson et al. (1997)

y

y

y

y

y

c

y

y

y

n

y

y

y

y

y

Wilson & Maruff (1999)

y

y

y

y

y

y

y

y

y

y

y

y

y

y

y

Exogenous mode

Endogenous & exogenous mode

2. Control of manual action
2.1. Overt manual control
a. Reach-to-grasp tasks with alternated vision
Brookes et al. (2007)

y

y

y

c

c

n

y

n

y

n

n

n

c

c

y

Biancotto et al. (2011)

y

y

y

y

n

y

y

y

y

y

n

n

c

y

y

Cantin et al. (2007)

y

y

y

c

y

c

c

c

y

n

y

n

c

c

n

Kagerer et al. (2004)

y

y

y

y

n

y

y

y

y

n

y

n

c

y

y

King et al. (2011)

y

y

c

y

c

y

y

c

y

n

n

y

c

y

c

Smyth et al. (2001)

y

y

c

c

n

n

c

c

y

n

y

n

c

c

y

Zoia et al. (2005)

y

y

y

y

y

y

y

y

y

n

y

n

c

y

y
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Table 2.2. – Continued

Screening Methodological quality
1

2

3

3A 3B 3C

3D 4

5

Presentation External
of results
validity
6A 6B 7+8 9
10 11

b. Reach-to-grasp tasks under normal vision
Johnson et al. (2009)

y

y

y

y

c

n

y

y

y

n

c

y

c

y

y

Smyth & Mason (1997)

y

y

y

y

c

n

y

y

y

n

y

n

c

y

n

van Swieten et al. (2010)

y

y

y

y

c

y

y

n

y

n

n

n

c

y

n

Wilmut et al. (2013)

y

y

y

y

y

y

y

y

y

n

c

y

c

y

c

y

y

y

y

n

n

y

y

y

n

y

n

c

y

y

de Oliveira et al. (2010)

y

y

c

y

y

y

y

c

y

n

y

n

y

c

y

Kashiwagi et al. (2009)

y

y

c

y

y

y

y

c

y

c

n

n

c

c

y

y
y
y
y
e. Rapid online adjustments to visual perturbations

y

y

y

y

y

n

y

n

y

y

c

Hyde & Wilson (2011a)

y

y

y

y

y

c

y

y

y

y

y

y

y

y

y

Hyde & Wilson (2011b)

y

y

y

y

y

c

y

y

y

y

n

y

y

y

y

Plumb et al. (2008)

y

y

y

y

c

n

y

n

c

c

n

n

c

c

c

Law et al. (2011)

y

y

y

y

c

c

y

n

y

n

y

n

n

c

c

Mak et al. (2010)

y

y

c

y

c

c

c

n

y

n

y

y

c

c

y

y
y
2.2. Covert manual action/ motor imagery

y

c

n

n

y

c

y

n

y

y

y

n

y
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c. Double step pointing task
Wilmut et al. (2006)
d. Tracing tasks

Zwicker et al. (2010)

f. Load lifting tasks

Pereira et al. (2001)
Mental rotation

Deconinck et al. (2009)

y

y

c

y

c

y

c

c

y

y

y

y

y

c

y

Lust et al. (2006)

y

y

y

y

c

c

y

y

y

n

y

n

c

y

n

Williams et al. (2006)

y

y

y

y

n

c

y

y

y

n

y

y

c

y

c

Williams et al. (2008)

y

y

y

y

n

c

y

y

y

n

n

y

c

y

y

Williams et al. (2011)

y

y

y

y

y

y

y

y

y

n

y

y

c

y

y

Wilson et al. (2002)

y

y

y

c

y

y

y

y

y

n

y

y

c

y

y
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2.3 Results
The results of the included studies are presented in Table 2.3 which also provides an
overview of study characteristics: first author, year of publication, sample size, inclusion
criteria, age range, tests used and main results. Only statistically significant results are
displayed in this table. In the following paragraph initial interrater agreement is reported.
Results are then discussed per effector system: visuospatial attention and oculomotor
control, control of manual action and dynamic postural control. The paragraphs about
visuospatial attention and oculomotor control are divided into two main categories,
overt and covert actions. For each category, the study characteristics, methods and
methodological quality, and results are discussed. Primary conclusions are formulated
according to the effector system.
Table 2.3. – Overview of the characteristics of the included studies
Study

Participants

Inclusion criteria Age DCD
Paradigms used
DCD*
(mean (sd/range))

Results

1. Visuospatial attention and oculomotor control
1.1. Overt visuospatial attention and eye movement control
Katschmarsky et al.
(2001)
Langaas et al. (1998)

10 DCD, 10 TD
8 DCD, 32 TD, 8
adults

mABC ≤ 15th,
impaired MI
mABC ≤ 5th

9.5 (1.1)
5-7 years

Wilmut et al. (2007)

7 DCD, 46 TD

mABC < 10th

7.4 (7.0 – 8.5)

Wilmut & Wann
(2008)

23 DCD, 23 TD

mABC ≤ 10th

6-12 years (9.5),
13-23 years (16.4)

Double step saccade
task
Pursuit eye
movements

DCD: less able to plan
second saccade
DCD: less able to
temporally synchronize
eye movements;
reduced gain
Automatic orienting DCD: deficit to
of attention during disengage attention in
an aiming task
look+hit condition, but
not in look condition
Grasping with and
DCD: relied on slower
without central and strategy (first fixate
peripheral precues and then move) and
only effectively used
unambiguous precues

1.2. Covert visuospatial attention and eye movement preparation
Endogenous mode
Chen et al. (2012)

24 sDCD, 51
mDCD, 38 TD

sDCD: mABC <1st, 9-10 years
mDCD: >1 –< 5th

Mandich, Buckolz, et
al.(2003)

18 DCD, 18 TD

mABC < 15th

32

9.9 (1.5)

COVAT –
endogenous

COVAT –
endogenous mode

At short SOA (350 ms)
invalid cue effect size
same as controls; at
longer SOA (850 ms)
deficit in endogenous
mode of attention.
At SOA 500 ms, deficit
in endogenous mode of
attention both manual
and attentionally

Table 2.3. – Continued
Study

Participants

Inclusion criteria Age DCD
Paradigms used
DCD*
(mean (sd/range))

Tsai et al. (2009b)

29 DCD, 29 TD

mABC < 5th and
BOT-M ≤ 10th

9.9 (0.5)

Tsai (2009)

28 DCD, 29 TD

mABC < 5th

DCD-training: 9.5
(0.4), DCD-nontraining: 9.5 (0.3)

Tsai et al. (2010)

30 DCD, 30 TD

mABC < 5th

9.5 (0.33)

Tsai et al. (2012)

30 DCD (16
training, 14
non-training,
21 TD

mABC <5th

DCD-training: 9.7
(0.5), DCD-nontraining: 9.5 (0.3)

Results

COVAT - endogenous At SOA 350 ms, deficit
in endogenous mode of
attention.
COVAT –
At SOA 350 ms, deficit
endogenous before in endogenous mode
and after table
of attention. Exercise
tennis training
intervention improves
inhibitory control and
motor performance

Exogenous mode
COVAT – exogenous
mode – central-eye
gazed cues
COVAT – exogenous
mode – central eyegazed cues. Tested
before and after
soccer training.

At SOA 500 ms, deficit
in exogenous mode of
attention
At SOA 500 ms, deficit
in exogenous mode
of attention. Soccer
training improved ERP
and task performance
indices in DCD group.
At SOA 150 and 850,
deficit in attention
disengagement only in
endogenous mode
At SOA 150 and 350,
deficit in attention
disengagement only in
endogenous mode.
At SOA 150 and 850,
deficit in attention
disengagement only in
endogenous mode.

Endogenous & exogenous mode
Tsai et al. (2009a)

36 DCD-Les,
36 TD

mABC ≤ 5th, total
balance score
≤ 10th

9.9 (0.5)

COVAT –
endogenous and
exogenous mode

Wilson et al. (1997)

20 DCD, 20 TD

mABC ≤15th

9-10 years

COVAT –
endogenous and
exogenous mode

Wilson & Maruff
(1999)

20 DCD, 20 TD

mABC ≤ 15th

10.3 (9.5 – 12.0)

COVAT –
endogenous and
exogenous mode

7-9 years

Reach-to-grasp with DCD: grasping
and without vision - action slower; more
kinematics
dependent on vision
and more variable
Prism adaptation
DCD: impaired rate of
adaptation

2. Control of manual action
2.1. Overt manual control
a. Reach-to-grasp tasks with alternated vision
Biancotto et al. (2011) 9 DCD, 27 TD
mABC ≤5th,
manual dext. ≤5th

Brookes et al. (2007)

8 DCD, 6
DCD+dyslexia,
12 TD

Cantin et al. (2007)

9 DCD, 11 TD

Poor coordination
based on
combination
WISC-III, VMI and
mABC
mABC ≤ 5th

12.5 (2.8)

6-11 years

Prism adaptation

DCD: comparable
adaptation, but DCD
more variable and less
accurate
33

2

Chapter 2 | Systematic review internal modelling deficit hypothesis DCD

Table 2.3. – Continued
Study

Participants

Kagerer et al. (2004)

7 DCD, 7 TD

Inclusion criteria Age DCD
Paradigms used
DCD*
(mean (sd/range))
7.5 (0.5)
Prism adaptation
mABC ≤ 15th

Kagerer et al. (2006)

10 DCD, 10 TD

mABC ≤ 5th

King et al. (2011)

6 DCD, 10 TD

mABC < 5th

Smyth et al. (2001)

8 DCD, 8 TD

mABC < 15th

Zoia et al. (2005)

26 DCD, 26 TD

mABC < 10th

b. Reach-to-grasp tasks under normal vision
Johnson & Wade
12 DCD, 12 TD
mABC ≤ 15th
(2009)

Results

DCD: impaired rate of
adaptation
8.2 (1.5)
Prism adaptation
DCD: adaptation after
abrupt, but not gradual
perturbation
9-11
Reaching to visual
DCD: similar
and acoustic
visuomotor adaptation;
targets with prism
similar influence
adaptation
on auditory-motor
performance as
controls
9.7 (8.7-10.8)
Reach-to-grasp with DCD: impaired
and without vision adaptation; less
accurate and less use of
visual information
7-8 years: 7.8 (0.6), Prism adaptation
DCD: longer and more
9-10 years: 9.7 (0.6)
curved trajectories
than controls. Impaired
rate of adaptation.
11.5 (0.6)

Judgement of
DCD: only right
maximal hand reach adjustment in one of
the three perturbations
Grip selection task
DCD: planning of grip
selection same as
controls
Grip selection task
DCD: less end-state
comfort
Reaching to throw
DCD: able to plan
vs. reaching to place movements in
relation to onward
intentions, but not fully
developed.

Smyth & Mason
(1997)

95 DCD, 91 TD

mABC < 15th

4-8 years

van Swieten et al.
(2010)
Wilmut et al. (2013)

27 DCD, 70 TD,
40 adults
18 DCD adults,
24 DCD children,
18 TD adults, 24
TD children

mABC < 5th

6-13 years

Adults: mABC <
15th and BOT-M
< 15th. Children:
mABC < 5th

Adults: 18-29 years
(24.9), Children
8-11 (9.1).

mABC < 10th

7.4

Double step pointing DCD: look-then-move
task
strategy suggesting
impaired feedforward
mode of control

mABC ≤ 15th

15-27 years

mABC < 15th

10.8 (1.0)

Steering task – steer DCD: slower and more
smoothly on virtual variable, and could
winding course
not use advance
information effectively
Tracking horizontally DCD: less accurate in
moving target with tracing a target plus
joystick
a dysfunction in the
parietal lobe

c. Double step pointing task
Wilmut et al. (2006) 7 DCD, 10 TD

d. Tracing tasks
de Oliveira et al.
(2010)

Kashiwagi et al.
(2009)
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20 DCD
(diagnosis at
age 10.3 (sd =
3)), 20 TD
12 DCD, 12 TD

Table 2.3. – Continued
Study

Participants

Inclusion criteria Age DCD
Paradigms used
Results
DCD*
(mean (sd/range))
Zwicker et al. (2010) 9 DCD, 9 TD
mABC < 20th
10.8 (1.5)
Flower-shaped trail- DCD: no difference
tracing task
in performing trailtracing, but regions for
visuospatial processing
are activated instead
of regions for spatial
processing and motor
control
e. Rapid online adjustments to visual perturbations
9.68 (1.7)
Double step
DCD: longer MT and
Hyde & Wilson
17 DCD, 27 TD
MAND < 10th
reaching
more errors on jump(2011a)
trials
10.5 (1.7)
Double step
DCD: longer MT and
Hyde & Wilson
13 DCD, 13 TD
MAND < 10th
reaching
more errors on jump(2011b)
trials; slower to correct
reach trajectory
9.8 (7-13)
Double step
DCD: poor performance
Plumb et al. (2008)
13 DCD, 13 TD
mABC < 1st
reaching
in jump and no-jump
trials. No specific deficit
in online control.
f. Load lifting tasks
6-12 years
Grip force (GF)
DCD: could adapt GF,
Law et al. (2011)
21 DCD, 17 TD
mABC ≤ 15th
control
but slower rate of GF
generation and lower
GF peak
8.1 (0.6)
Grasp a toy sliding
DCD: modified MT and
Mak et al. (2010)
16 DCD, 11 TD
mABC < 15th
down a slope
GF same as controls,
but slower generation
and larger force
Pereira et al. (2001)
11 DAMP, 9 DCD, Motor perception DAMP: 10.6 (0.5),
Precision grip lifts
DCD and DAMP: could
12 TD
dysfunction
DCD: 10.6 (0.5)
adapt grip force, but
higher grip forces and
safety margins
2.2. Covert manual action/motor imagery
Mental rotation (MR)
9 (0.7)
MR – hands and
Comprised MI (slower
Deconinck et al.
13 DCD, 13 TD
mABC ≤ 15th
letters
and less accurate)
(2009)
10.4 (9-11)
MR - hands
MI same as in controls
Lust et al. (2006)
10 DCD, 7 TD, 14 mABC < 15th
adults
9.7 (0.7)
MR – hands (-/+
DCD did use MI, but did
Williams et al. (2006) 18 DCD, 18 TD
mABC < 15th
MI instr.), letters,
not benefit from MI
whole-body
instructions
MR – hands (-/+ MI Comprised MI
Williams et al. (2008) 21 sDCD, 21
sDCD mABC < 5th, sDCD 9.4 (0.7)
mDCD 6-14th
mDCD 9.2 (1.4)
instr.), whole-body (according to level of
mDCD, 21 TD
(+MI instr.)
motor impairment)
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Table 2.3. – Continued
Study

Participants

Williams et al. (2011) 21 DCD, 21 TD

Wilson et al. (2002)

Wilson et al. (2004)

54 DCD (18 MI
training, 18 PM
training, 18
wait-list)
16 DCD, 18 TD

Mental chronometry
Lewis et al. (2008)
15 DCD, 14
ADHD+DCD,
15 TD

Inclusion criteria Age DCD
Paradigms used
DCD*
(mean (sd/range))
9.4 (0.7)
MR – hands (+ MI
mABC < 5th
instr.), whole-body
(+ MI instr.)
7-12 years
MI training
mABC < 50th,
11 children < 15th
in each group

Results
Comprised MI (accuracy
↓ hand, whole-body);
atypical RT whole-body
MI training as effective
as PM training

mABC ≤ 15th

10.3 (1.6)

MR - hands

Comprised MI
(moderate trade-off RT
vs. angle of rotation)

mABC ≤ 15th

8-12 years

VGPT

DCD: only real
movements
conformed to Fitts’
law. ADHD+DCD: both
real and imagined
movements according
to Fitts’ law
DCD: only real
movements conformed
to Fitts’ law
DCD: only real
movements conformed
to Fitts’ law

Maruff et al. (1999)

24 DCD, 20 TD

mABC < 15th

9.8 (9.0 – 10.8)

VGPT

Wilson et al. (2001)

20 DCD, 20 TD

mABC ≤ 15th

10.0 (8.1 – 11.5)

VGPT

mABC ≤ 15th

DCD: 8.45 (1.25)
ADHD + DCD: 9.07
(1.65)

VGPT + MR - hands

DCD: only real
movements conformed
to Fitts’ law. MR-hands:
DCD and ADHD+ DCD
less accurate

9.0 (2.0)

Bimanual load
lifting - APA
Lifting of different
weights - APA

APA’s less efficient
in DCD
DCD: deficiencies
in coordination of
fingertip forces and
APA’s.

Mental rotation + chronometry
Williams et al. (2013) 10 DCD, 16
ADHD+DCD,
18 TD

3. Dynamic postural control: anticipatory adjustments
Jover et al. (2010)
16 DCD, 16 TD
mABC < 5th

9.0 (0.6)
12 DCD, 13
mABC < 15th
ADHD+DCD, 15
age-matched
TD, 11 younger
TD
APA = anticipatory postural adjustment; BOT-M = Bruininks-Oseretsky test of motor
Proficiency; DAMP = deficits in attention, motor control and perception; DCD-Les = DCD
in lower extremities; ERP = evoked related potentials; GF = grip force; MAND = McCarron
Assessment of Neuromuscular Development; mDCD = mild DCD; MI = motor imagery;
MI instr. = motor imagery instruction; MR = mental rotation; MT = movement time; PM =
perceptual motor (training); RT = reaction time; sDCD = severe DCD; SOA = stimulus-onset
asynchrony; VGPT = visually guided pointing task; VMI = developmental test of visuo-motor
integration; WISC-III = Wechsler intelligence scale for children (3rd ed.).
* mABC total percentile score is indicated as not otherwise stated.
Jucaite et al. (2003)
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Initial interrater agreement on all studies was moderate (Cohen’s Kappa = 0.491; (Landis
& Koch, 1977). After the results were discussed in three separate sessions 100% consensus
was reached. The scores for methodological quality according to CASP can be found in
Table 2.2.

2.3.1 Visuospatial attention and oculomotor control
Both overt and covert attentional shifts require the generation of a forward internal
model. Covert shifts of visuospatial attention enlist the same motor preparatory and
forward modelling processes as overt shifts (which involve eye movements). These shifts
of attention are designed to improve the processing of sensory information in specific
parts of the visual field, and help set coordinates for prospective actions into that space
(Ariff, Donchin, Nanyakhara, & Shadmehr, 2002). According to Rizzolatti, Riggio, Dascola
and Umiltá (1987) and Rizzolatti, Riggio, and Sheliga (1994), spatial attention derives
from a weak activation of frontal-parietal circuits that directs motor behaviour toward
specific spatial locations. Receptive fields in frontal eye fields (FEF), supplementary eye
fields (SEF), and parietal lobes are updated before a saccade is initiated (Rizzolatti, et
al., 1994). In short, a forward model of saccade direction appears to provide a spatial (or
egocentric) frame for planning limb movements (Ariff, et al., 2002). First the results of
the studies on overt oculomotor control will be presented, followed by the studies on
covert oculomotor control.

2.3.1.1 Overt visuospatial attention and eye movement control
Study characteristics - Four studies tested overt eye movements: Katschmarsky et al.
(2001) used a double-step saccade task; Langaas et al. (1998) had children visually track
a moving stimulus, and Wilmut, Brown and Wann (2007) and Wilmut and Wann (2008)
studied the allocation of visual attention during a motor task. Inclusion criteria for the
DCD group varied across studies: Katschmarsky et al. (2001) used a mABC score ≤15th
percentile, while Wilmut et al. (2007) and Wilmut and Wann (2008) both used < 10th
percentile, and Langaas et al. (1998) ≤ 5th. These four studies included children from 5 to
12 years in their DCD group. Additionally, in the study of Wilmut and Wann (2008) there
was also an older DCD group with participants aged 13-23 years.
Methods and methodological quality - Double-step saccade tasks (DSST) have been
used to assess the integrity of internal modelling in DCD. The DSST is a rapid successive
tracking task where two target lights are flashed sequentially and then disappear. In
Katschmarksy et al. (2001), the first target appeared for 140 ms and the second for 100 ms.
Because the second target is extinguished before the first saccade has landed, children
are required here to make a motor plan for their second saccade based on a predictive
estimate of the first (Katschmarsky, et al., 2001). To track or trace a certain stimulus
smoothly with your eyes also requires a high degree of predictive control (Langaas, et al.,
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1998). In this case, the smooth pursuit system must anticipate the continued trajectory
of the target; critically, tracking with a lag of under 100 ms requires eye motion that is
based in part on a forward model and not retinal error signals (Langaas, et al., 1998). In
relation to the allocation of overt attention, Wilmut et al. (2007) examined attentional
shifts in tasks that did or did not require arm movements. In one condition, children were
instructed to visually capture and touch visual targets that appeared (look + hit condition),
while in another they only had to look at the visual target (look only condition). Saccade
and hand movement latencies were measured on two different trial types: gap trials (gap
between fixation offset and target onset) and overlap trials (fixation offset and target
onset overlapped). In a subsequent study by Wilmut and Wann (2008), a motor task was
presented using (static) cues presented centrally and peripherally.
The methodological quality of the studies above was moderate: not all DSM-IV-TR
criteria for DCD were met, control of confounding variables (age, gender, ADHD and
learning problems) was incomplete, and precise statistical results were lacking in the
studies of Langaas et al. (1998) and Wilmut et al. (2007) (Table 2.2).
Results - The studies on overt oculomotor control showed that children with DCD were
less accurate in terms of final eye position on second saccades (Katschmarsky, et al.,
2001) and that they were less able to temporally synchronize their tracking response to
the stimulus (Langaas, et al., 1998). In the study of Wilmut et al. (2007) it was shown that
children with DCD were only slower to disengage attention in the look+hit condition but
not in the look-only condition. This prolonged disengagement time was also observed in
younger children. In a subsequent study, Wilmut and Wann (2008) showed that the DCD
group relied on a slower strategy by first fixating the target and then starting to move
and that they were only able to use unambiguous precues effectively.

2.3.1.2 Covert visuospatial attention and eye movement preparation
Study characteristics - Nine studies were included which focused on covert attention
in children with DCD. All studies in this category have used the covert orienting of
visuospatial attention task (COVAT), modeled on the work of Posner (1980, 1988). Two
different modes of covert orienting are conceptualized: the endogenous and exogenous
mode. Four of the sampled studies examined just the endogenous mode of covert
orienting in DCD (Chen, Wilson & Wu, 2012; Mandich, Buckolz & Polatajko, 2003; Tsai, et
al., 2009b; Tsai, 2009), two studies the exogenous mode alone (Tsai, Pan, Chang, Wang &
Tseng, 2010; Tsai, Wang, & Tseng, 2012), and three studies both modes (Tsai, Yu, Chen &
Wu, 2009a; Wilson and Maruff, 1999; Wilson, et al., 1997).
In the majority of studies children in the 7-12 year-old range were tested. The inclusion
criteria for the DCD group varied over studies: three studies used a mABC score below or
at the 15th percentile as an inclusion criteria for the DCD group (Mandich, Buckolz et al.,
2003; Wilson & Maruff, 1999; Wilson, et al., 1997), and all studies by Tsai and colleagues
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used < 5th percentile. The study of Chen et al. (2012) compared mild (mABC > 1 – 5th
percentile) and severe (mABC < 1st percentile) DCD on the endogenous Posner paradigm.
All five studies of Tsai et al. and the studies of Wilson et al. (1997) and Wilson and Maruff
(1999) excluded children with ADHD.
Methods and methodological quality - The COVAT is a spatial precueing paradigm
whereby the nature of attentional shifts can be evaluated by varying the type of precue,
its probability, and the stimulus-onset asynchrony (SOA - the time interval between cue
and target). Valid precues facilitate attentional shifts to the target location and reduce
response time. By comparison, invalid precues have a processing cost by misdirecting
attention to a spatial location in the hemispace opposite to the visual target. The difference
in response time between valid and invalid trials is termed the invalid cue effect (ICE)
and measures attentional disengagement time (Tsai, et al., 2009b; Tsai, 2009; Wilson &
Maruff, 1999; Wilson, et al., 1997). Using Posner’s classic paradigm, the endogenous (or
voluntary) mode of covert orienting was tested using symbolic cues presented centrally,
with the percentage of valid trials set generally at around 80%. In contrast, exogenous (or
automatic) orienting refers to attentional shifts elicited involuntarily by external events
(Joindes, 1981), most commonly by peripheral spatial cues at the location of potential
targets (Wilson & Maruff, 1999; Wilson, et al., 1997). In the case of Tsai et al. (2010, 2012),
however, it was argued that central cues can still elicit automatic control if presented
to the immediate left or right of central fixation. Notably, in two studies of Tsai et al.
(2009a, 2010) children had to respond by pressing pedals with their feet, instead of a
button press using fingers. The authors reasoned that the correlation between general
motor skill and lower limb function is higher than the correlation with the upper limbs
(Kauranen & Vanharanta, 2001). This is explained by the fact that the upper extremities
involve more lateralized activity than the lower (Kapreli, et al., 2006), suggesting that
the ipsilateral cortex has a more significant role in the motor processing of lower limb
movements (Ciccarelli, et al., 2005). In general, the stimulus-onset asynchrony (SOA)
varied between 150 and 800 ms. Larger SOAs tend to elicit more voluntary control.
The methodological quality of studies of eye movement control was moderate. In
particular, inclusion criteria for DCD did not conform to criteria B and C of the DSM-IV-TR
(i.e., interference with daily life, and medical conditions that excludes a diagnosis DCD)
and confounding factors were not described or controlled (Table 2.2). Only one study
scored positively on all DSM-IV-TR and CASP criteria (Wilson & Maruff, 1999).
Results - The four studies that examined only the endogenous mode of attention
found that children with DCD exhibited a deficit of inhibitory control (Chen, et al., 2012;
Mandich, Buckolz et al., 2003; Tsai, et al., 2009b; Tsai, 2009). Chen et al. (2012) found that
this deficit was only present at a SOA of 800 ms and not 350 ms. Interestingly, the results
of this study showed that this deficit of endogenous control did not vary according to
the severity of DCD. At short SOAs, both TD and DCD children needed a comparable
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amount of time to shift attention from invalidly cued locations to the correct one. For
longer SOAs, children with severe and moderate DCD were more disadvantaged by the
invalid cue. By comparison, the two studies of Tsai only used a SOA of 350 ms and found
no deficit of inhibitory control in the endogenous mode.
The two studies of Tsai and colleagues (Tsai, et al., 2010, 2012) showed that children
with DCD were disadvantaged by cues presented near central fixation, and suggested
that this reflected a deficit of inhibitory control in the context of automatic orienting.
The studies that examined both the endogenous and exogenous control of attention
(Tsai, et al., 2009a; Wilson & Maruff, 1999; Wilson, et al., 1997) showed that children
with DCD were only more disadvantaged by invalid cues compared to controls in the
endogenous mode, regardless of the SOA. In the exogenous mode the reaction times of
the DCD groups did not differ from the control groups. Finally, the training studies of Tsai
(2009), Tsai et al. (2012) showed that exercise intervention (table tennis training or soccer
training, respectively) can improve the inhibitory control of children with DCD.

2.3.1.3 Primary conclusions
The results suggest that children with DCD have problems with the predictive control of
overt eye movements. They were less able to plan an eye movement based on a forward
estimate of a prior eye movement (Katschmarsky, et al., 2001) and less able to temporally
synchronize their eye tracking to a (predictable) moving stimulus (Langaas, et al., 1998).
In the studies of Wilmut et al. (2007) and Wilmut and Wann (2008), children with DCD were
slower to disengage attention and used a slower and less efficient strategy than controls
by first fixating the target and then starting to move. The results of these studies should,
however, be interpreted with a degree of caution because not all DSM-IV-TR criteria for a
diagnosis of DCD were fulfilled and correction for confounds was incomplete.
Results of studies on covert attention were rather consistent. All included studies
that examined endogenous control of attention showed a deficit in the voluntary
disengagement of attention in DCD. This was shown by larger invalid cue effect sizes in
DCD compared with controls. Two studies by Tsai et al. (Tsai, et al. 2010, 2012) argued
that the exogenous mode of attention was also impaired in DCD. However, because it
can be questioned whether central cues truly enlist the exogenous mode of attention
(Wilson and Maruff, 1999), these results should be interpreted with caution. Studies that
assessed both the endogenous and exogenous mode of attention consistently found that
only the endogenous mode of control was impaired in DCD. Exclusion of children with
ADHD (Tsai, et al. 2009a,b, 2010, 2012; Tsai, 2009; Wilson, et al. 1997; Wilson and Maruff
1999) suggested that these deficits are specific to DCD and do not arise as a consequence
of attentional symptoms of ADHD. Results of the included studies on covert oculomotor
control should be interpreted with a degree of caution because most studies did not
control for confounds and did not indicate whether all DSM-IV-TR criteria for DCD were
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fulfilled. However, since the results are rather consistent, there is sufficient evidence to
conclude that children with DCD have a deficit in the endogenous control of attention;
reduced inhibitory control may explain this effect.

2.3.2 Control of manual action
Thirty-three of the included studies focused on the control of manual action (including
tasks of motor planning). These studies can be divided into overt manual control (2.3.3.1)
and covert manual control/ motor imagery (2.3.3.2). The studies on overt manual control
are divided in six categories: (a) Reach-to-grasp tasks with alternated vision, (b) Reachto-grasp tasks without alternated vision, (c) Double step pointing tasks, (d) Tracing tasks,
(e) Rapid online control and, (f) Load lifting tasks.

2.3.2.1 Overt manual control
a. Reach-to-grasp tasks with alternated vision
Study characteristics - Eight studies manipulated vision during a reach-to-grasp task.
Most of these studies used a prism-adaptation test, and included children aged 7-15 years.
Two studies used a mABC score <15th percentile as an inclusion criteria for DCD (Smyth,
Anderson, & Churchill, 2001; Kagerer, Bo, Contreras-Vidal, & Clark, 2004), while the other
studies used < 10th percentile (Zoia, Castiello, Blason, & Scabar, 2005) or ≤ 5th (Biancotto,
Skabar, Bulgheroni, Carrozzi, & Zoia, 2011; Cantin, Polatajko, Thach & Jaglal, 2007;
Kagerer, Contreras-Vidal, Bo, & Clark, 2006; King, Kagerer, Harring, Contreras-Vidal, &
Clark, 2011). Brookes, Nicolson & Fawcett (2007) used a diagnosis of poor coordination
by occupational therapists on the basis of one or a combination of instruments including
the WISC-III (Wechsler, 1992), the VMI (Beery, 1998) and the mABC (Henderson & Sugden,
1992). In the article of Biancotto et al. (2011), signs of ADHD were examined in the DCD
group. However, in the analysis of the results there was no correction for ADHD. The
other studies did not report on signs of ADHD. All studies had a DCD group of 10 or even
less participants, except Zoia et al. (2005).
Methods and methodological quality - Aspects of internal modelling are also involved
in tasks that have been used traditionally to assess motor planning. Unlike executive
planning – an aspect of executive function (Van Swieten, et al., 2010), motor planning
(Cohen & Rosenbaum 2004; Rosenbaum, et al., 1996) involves behaviour that depends
on learned movement skills; a prime example are grip selection tasks. However, there
are other tests thought to examine motor planning like prism adaptation tasks. These
tests also require that participants are able to update their forward model of an action
to altered task constraints. In fact, a number of DCD studies have directly tested this
capacity by examining accuracy and movement time before and after visual perturbation.
The methodological quality of the included studies was not considered high as there was
only one study (Biancotto, et al., 2011) that described all confounding variables. However,
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the correction for these confounds was incomplete. Precise statistical results were often
not presented. Many studies did not report on all DSM-IV-TR criteria for DCD (especially
criteria B and C were not reported), except for the study of Zoia et al. (2005) (Table 2.2).
Results - The tests of adaptation after a visuomotor perturbation all reported accuracy
and/or movement time. The studies that used a prism adaptation test all reported that
the children with DCD were less able to update their forward model in response to a
visuomotor perturbation which was reflected by higher variability, lower accuracy and/
or longer movement times after perturbation in the DCD group compared to controls
(Brookes, et al., 2007; Cantin, et al., 2007; Kagerer, et al., 2004, 2006; Zoia, et al., 2005).
In addition, in two studies the after-effect in the DCD group was also decreased (Cantin,
et al., 2007; Kagerer, et al., 2004). To examine the multisensory characteristics of spatialto-motor transformations for reaching movements, King et al. (2011) compared the
performance of a DCD and control group during discrete arm movements to visual and
acoustic targets prior to and following exposure to an abrupt visual feedback rotation
(prism adaptation). In contrast to the other prism adaptation studies, the visual after
effects were equivalent in the DCD and control group and the influence of visuomotor
adaptation on auditory-motor performance was also similar in the two groups. The
studies of Biancotto et al. (2011) and Smyth et al. (2001) used an alternative adaptation
test and examined grasping movements in conditions with, and without vision. Smyth
et al. (2001) showed that the DCD group was less accurate and showed less adaptation
to removal of vision. In addition, Biancotto et al. (2011) showed the DCD group to have
great difficulties when vision was removed: they always had a wider grasping aperture,
especially in the no-vision condition, and their performance was slower and more variable
than controls.

b. Reach-to-grasp tasks under normal vision
Study characteristics - Of the four studies in this category, two looked at planning for
end-state comfort (Smyth & Mason, 1997; Van Swieten, et al., 2010), one examined
the planning of reaching (Wilmut, Byrne, & Barnett, 2013), and another judgments
of the limits of reach extent (Johnson & Wade, 2009). Children in these four studies
were aged 4-13 years. In the study of Wilmut et al. (2013), the DCD and control group
were divided into two age bands (8-11 and 18-29 years). A mABC cut-off of < 15th
percentile was used in three studies (Smyth & Mason, 1997; Johnson & Wade, 2009;
adult group in Wilmut et al., 2013), and two used a cut-off of < 5th percentile (Van
Swieten, et al., 2010; child group in Wilmut, et al., 2013). In the article of Wilmut
et al. (2013), signs of ADHD were examined in the DCD group but not factored out
in the analysis. Sample sizes varied greatly, ranging from 12 children with DCD in
Johnson and Wade (2009) to 95 children with DCD in Smyth and Mason (1997).
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Methods and methodological quality - Grip selection tasks are a prime example of
traditional motor planning tasks (Cohen & Rosenbaum 2004; Rosenbaum, et al., 1996).
Several studies showed that participants prefer to end an action with a ‘comfortable
end posture’ and sacrifice comfort of the initial posture in order to attain this goal (e.g.
Rosenbaum, et al., 1992). This so called ‘end-state-comfort effect’ was studied in DCD
by Smyth and Mason (1997) and Van Swieten et al. (2010). Wilmut et al. (2013) studied
planning of reaching in relation to onward intentions (i.e., place an object on a target,
throw the object, or lift the object vertically). In the study of Johnson and Wade (2009),
children judged the limit of their horizontal reach under different task constraints
(namely, one-hand versus two-hand reach, standard versus short effective foot-length,
and rigid versus compliant support surface). The methodological quality of the four
studies in this category was moderate; only the study of Wilmut et al. (2013) reported all
DSM-IV-TR inclusion criteria for DCD, correction for confounds was often incomplete,
and precise statistical results were not always presented (Table 2.2).
Results - Studies that examined the end-state-comfort effect showed conflicting
results. Smyth and Mason (1997) showed that there was no difference in grip selection
between the DCD and control groups. By comparison, Van Swieten et al. (2010) showed
that children with DCD were biased towards selecting the simplest initial movement,
indicating reduced forward planning. The study of Wilmut et al. (2013) showed that both
adults and children with DCD were able to plan movements in relation to the movement
goal that was required subsequently. However, this skill was not fully refined in typically
developing children. Finally, in a variant of a reach task, Johnson and Wade (2009) showed
that children with DCD were less able to judge whether targets could be reached under
different task constraints (namely, one-hand versus two-hand reach, standard versus
short effective foot-length, and rigid versus compliant support surface).

c. Double step pointing task
Study characteristics - A double step pointing task has been used to examine the control of
manual action and the coupling of the eye and hand (Wilmut, et al. 2006). Children in this
study were aged 7-8 years, and had a mABC score < 10th percentile. This study did not report
on signs of ADHD. The sample size in this study was small with only 7 in the DCD group.
Methods and methodological quality - During the double-step pointing task children
are required to make a pointing movement to two sequential targets that appear on a
computer screen (and in some trials that subsequently disappear), while eye and hand
movement are recorded simultaneously (Wilmut, et al., 2006). Movement time and
accuracy of the first and second movement are recorded to examine the ability to make
a second movement based on a forward model of the first. The inclusion criteria for the
DCD group in this study did not conform to criteria B and C of the DSM-IV-TR and not all
confounding factors were taken into account (Table 2.2).
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Results - The results of the study of Wilmut et al. (2006) showed that children in both DCD
and control groups preferred to foveate the target prior to initiating a hand movement if
time allowed. However, if necessary, the control children were better able to reduce the
foveation period and shift towards a feedforward mode of control for hand movements.
Children with DCD, on the other hand, maintained a look-then-move strategy which led
to greater error.

d. Tracing tasks
Study characteristics - Tracing tasks have been used to examine whether children with DCD
are able to track a stimulus with their hand accurately and efficiently, in time and space
(De Oliveira & Wann, 2010; Kashiwagi, Iwaki, Narumi, Tamai, & Suzuki, 2009; Zwicker,
Missiuna, Harris, & Boyd, 2010). Children in the studies of Kashiwagi et al. (2009) and
Zwicker et al. (2010) were aged 8-12 years. The steering task of De Oliveria and Wann
(2010) was performed only by adults (15-27 years), and these participants were classified
as having DCD when they were 10 years of age. Kashiwagi et al. (2009) and De Oliveira
and Wann (2010) used a mABC score < 15th and ≤ 15 percentile respectively as an inclusion
criteria for DCD, while Zwicker et al. (2010) used < 20th percentile. Sample size in these
three studies varied from 9 to 20 in the DCD group. Only the study of Zwicker et al. (2010)
excluded children with ADHD, while the other two studies did not report on signs of ADHD.
Methods and methodological quality - Continuous tracing tasks were conceptualized as
involving the ability to adapt forward models over time in response to a predictable but
moving target; forward planning of the movement is required to anticipate the trajectory
of the target that moves at a given speed. The methodological quality of the three studies
was moderate: correction for confounders was incomplete and precise statistical results
were not always presented (Table 2.2). However, Kashiwagi et al. (2009) and Zwicker et al.
(2010) both conformed to all DSM-IV-TR criteria for DCD.
Results - The steering task of De Oliveira and Wann (2010) showed that children with
DCD were slower and more variable and could not use advance information effectively.
Similarly, Kashiwagi et al. (2009) showed that children with DCD were less accurate in
tracing a moving target with their hands (manipulating a joystick). By contrast, Zwicker
et al. (2010) showed similar trail tracing performance between a DCD and a control group.
But, different brain regions were activated in children with DCD during this task, namely
left inferior parietal lobule, right middle frontal gyrus, right supramarginal gyrus, right
precentral gyrus, right superior temporal gyrus and right cerebellar lobule VI, suggesting
(according to Zwicker) that the DCD group relied on visuospatial processing to complete the
task. The control group had significantly more activation than the DCD in left precuneus,
left superior frontal gyrus, right superior temporal gyrus, left inferior frontal gyrus and
left postcentral gyrus; these regions have been associated with spatial processing, motor
control and learning and error processing (Zwicker, et al. 2010).
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e. Rapid online adjustments to visual perturbations
Study characteristics - Three studies were identified that reported on rapid online control
(Hyde & Wilson, 2011a,b; Plumb, et al., 2008). The study of Hyde and Wilson (2011b) was
an extension of the first study, using both chronometric and kinematic analysis of double
step reaching movements. The children with DCD in the three studies were aged 7-13
years. The studies of Hyde and Wilson used a MAND score < 10th percentile (McCarron,
1997) as an inclusion criterion for DCD, while Plumb et al. (2008) used a mABC score < 1st
percentile. Hyde & Wilson (2011a, 2011b) excluded children with ADHD. While Plumb et
al. (2008) did identify that 4 of the 13 children with DCD had an ADHD score outside the
normal range, they did not correct for ADHD in their analysis. The sample sizes of the
studies could be considered rather small at around 15 children with DCD, although power
analyses showed this to be sufficient in anticipation of moderate to high effect sizes.
Methods and methodological quality - Rapid online adjustments were tested with a
double step reaching paradigm, requiring a target-directed reach and touch (or grasp)
movement to one of several possible targets. For the majority of trials, the target
remained the same for the duration of the movement, while for a small number of
trials, the target changed (or ‘jumped’) unexpectedly at, or shortly after, movement
onset. Hence, the children had to adjust their movements ‘on the fly’ (Hyde & Wilson,
2011a, b). It is important to note that in the study of Plumb et al. (2008), the task was
modified for children with DCD because they had difficulty managing a hand-held stylus
and performing the task from a standing position; these children were seated, unlike
controls, and used a much thicker stylus. It has been observed repeatedly that children
with DCD have particular difficulty completing complex movements (e.g., Wilmut, Wann,
& Brown, 2006; Wilson & McKenzie, 1998). Simplifying the task, while appropriate for the
DCD group, does compromise the experimental comparison between groups.
Results - Both studies of Hyde and Wilson (2011a, b) showed that children with DCD
were slower to initiate reaching compared to controls. Notably, children with DCD made
more errors and had a longer movement time on jump trials than controls. Kinematic
data from the second study showed that while the two groups did not differ on time to
peak velocity or acceleration, children with DCD were slower to correct reach trajectory
on jump trials. No group differences were observed on late kinematic markers, e.g. postcorrection time. In the study of Plumb et al. (2008) there was a non-significant trend
showing longer movement times in DCD for both the perturbation and non-perturbation
conditions.

f. Load lifting tasks
Study characteristics - Manual control in children with DCD was also examined using
lifting tasks. Children in these studies were aged 6-12 years. The studies of Law, Lo, Chow
and Cheing (2011) and Mak (2010) used a mABC score ≤ and < 15th percentile respectively
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as an inclusion criteria for DCD, while Pereira et al. (2001) studied children with DCD
and children with Deficit of Attention, Motor Control and Perception (DAMP). Law et al.
(2011) excluded children with ADHD while Mak (2010) did not report on signs of ADHD.
Sample size ranged from 11 to 21 participants in the DCD group.
Methods and methodological quality - Lifting tasks were used in combination with
adaptation to different frictional properties (Pereira, et al., 2001), different speed of a
moving target (Mak, 2010) or a combination of different weights (water in a cup) and
frictional properties (Law, et al., 2011). These tasks also enlist the ability to update internal
(working) models of the action according to altered task constraints. The methodological
quality of these three studies was low as they did not fulfill all DSM-IV-TR criteria for
DCD, nor did they correct for all major confounds (Table 2.2).
Results - In the study of Pereira et al. (2001) and Law et al. (2011) it was shown that
children with DCD (and children with DAMP in the study of Pereira et al., 2001) are able to
adapt the force output in response to the friction properties of the object. Furthermore,
Law et al. (2011) showed that children with DCD were able to modulate grip appropriately
when a cup was filled with water. Using a moving target, Mak (2010) showed that children
with DCD were able to modify movement time and grip force according to the velocity of
the target. However, Law et al. (2011) and Mak (2010) detected a slower rate of grip force
generation and longer movement times in DCD compared with controls. Notably, higher
peak grip force was found in DCD by Pereira et al. (2001) and Mak (2010), while Law et al.
(2011) found it to be lower.

2.3.2.2 Covert manual action/motor imagery
Study characteristics - The representation of (manual) actions can be tested using motor
imagery paradigms. Six studies used a mental rotation paradigm (Deconinck, Spitaels,
Fias & Lenoir, 2009; Lust, Geuze, Wijers, & Wilson, 2006; Williams, et al., 2006, 2008,
2011; Wilson, et al., 2004), three used a mental chronometry paradigm (Lewis, et
al., 2008; Maruff, et al., 1999; Wilson, Maruff, Ives, & Currie, 2001), and one reported
performance on both a mental rotation task and a mental chronometry task (Williams,
et al., 2013). In addition, the effects of motor imagery training was examined in a study
by Wilson, et al., (2002). The sampled children in these 11 studies were all 7-12 years of
age. In the motor imagery training study by Wilson, Thomas, and Maruff (2002) a mABC
score < 50th percentile was used as an inclusion criteria for the DCD group, while in two
studies of Williams et al. (2008, 2011) a more strict inclusion criteria < 5th percentile was
used. All other studies in this category used a mABC score < 15th percentile as an inclusion
criteria. Two of the studies also included a group of children with ADHD and a group with
ADHD and combined DCD (ADHD + DCD) (Lewis, et al., 2008; Williams, et al., 2013). In
four studies ADHD was defined as an exclusion criterion (Deconinck, et al., 2009; Maruff,
et al., 1999; Wilson, et al., 2001, 2002), while the remaining five studies did not report
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on signs of ADHD. The study groups that were compared included between 10 and 25
children per group.
Methods and methodological quality - Motor imagery involves the mental rehearsal
or simulation of a motor task in the absence of overt movement (Decety, 1996b; Sirigu,
et al., 1995). It exhibits many of the properties of represented action and is considered
a valid means of describing the content of internal models for action (Decety & Grezes,
1999; Wilson, et al., 2001). The included studies on motor imagery in DCD used two
different motor imagery paradigms: mental rotation and mental chronometry. In the
mental rotation paradigm, children make judgments on the laterality or identity of
stimuli (i.e. hands, whole-body, letter stimuli) displayed at different angles of rotation,
and sometimes in different viewpoints as well (i.e., palm and back view for hands). Two
outcome measures are generally analyzed: response accuracy and reaction time. Use of
mental rotation is inferred when an increase in reaction time occurs with increases in
rotation angle of the stimuli. Use of motor imagery is suggested when the biomechanical
constraints of the simulated movement are reflected in the response time or error pattern
(i.e., prolonged reaction time or decreased accuracy for biomechanically more awkward
orientations). Studies that used a mental rotation paradigm enlisted either hand-stimuli
(Lust, et al., 2006; Williams, et al., 2013; Wilson, et al., 2004), hand and letter stimuli
(Deconinck, et al., 2009), hand and whole body stimuli (Williams, et al., 2008, 2011) or
a combination of hand, whole-body and letter stimuli (Williams, et al., 2006). In the
studies of Williams et al. (2006, 2008, 2011), the hand rotation and whole-body task was
performed with and without explicit motor imagery instruction (Williams, et al., 2011;
Williams, et al., 2006; Williams, et al., 2008). With respect to the mental chronometry
paradigm, the relation between the duration of real and imagined movements was
studied using the visual guided pointing task (VGPT) in four papers (Lewis, et al., 2008;
Maruff, et al., 1999; Williams, et al., 2013; Wilson, et al., 2001). This task is based on the
underlying assumption that the duration of the pointing movements is dependent on
the width and the distance of the target, expressed as an index of difficulty (ID) under
Fitts’ law (Fitts, 1954). When motor imagery is used, the relation between duration and
ID should also be evident when participants imagine pointing to the target. In the motor
imagery training study of Wilson, et al. (2002), children were asked to first observe video’s
and then imagine the performance of a selection of fundamental motor skills: catching a
tennis ball, throwing a tennis ball, striking a softball, jumping to a target using a two-leg
take-off, balancing a ball on a bat while walking, and placing objects on a formboard.
The methodological quality of the studies on motor imagery was moderate. Only
Maruff et al. (1999) and Williams et al. (2013) conformed to all DSM-IV-TR criteria for
DCD. In addition, correction for confounds was often incomplete (Table 2.2).
Results - Results of the mental rotation tasks will be discussed first, followed by
results on the mental chronometry task. The studies on mental rotation all had accuracy
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and response time (RT) as outcome measures. However, only four of the studies that
used mental rotation of hands also compared the RTs of lateral versus medial rotations
to confirm that motor imagery had been used (Deconinck, et al., 2009; Lust, et al.,
2006; Williams, et al., 2011, 2013). Rotating a hand outwards in the lateral direction is
biomechanically more challenging than rotating it inwards (or medially); if motor imagery
is indeed used, lateral rotations show increased response time and/or reduced accuracy.
The other three studies (Williams, et al., 2006, 2008; Wilson, et al., 2004) did not compare
RTs of lateral versus medial rotations, and therefore, use of visual imagery or other forms
of imagery cannot be ruled out. Two studies found that children with DCD were able to
perform motor imagery, although slower and less accurate than controls (Deconinck, et
al., 2009; Williams, et al., 2008). The study of Williams et al. (2011) showed that children
with DCD performed motor imagery as fast as controls, but less accurately. Three studies
demonstrated a weaker tradeoff in DCD between RTs and rotation angle in a similar task
(Williams, et al., 2006, 2013; Wilson, et al., 2004). In the study of Williams et al. (2008)
it was found that children with severe DCD (mABC ≤ 5th percentile) did not benefit
from specific motor imagery instructions, while children with mild DCD (mABC 6-15th
percentile) did. The study of Lust et al. (2006) is the only study reporting that children
with DCD performed the hand rotation task as fast and as accurately as controls. In the
articles of Williams et al. (2006, 2008, 2011) a whole-body rotation task was also used.
The studies of 2008 and 2011 showed an atypical response pattern in DCD, and all three
showed reduced accuracy, barely above chance. In addition, Deconinck et al. (2009) and
Williams et al. (2006) showed that the DCD groups performed the alphanumeric task as
fast and accurately as controls, suggesting preserved visual imagery.
The studies on mental chronometry all showed that only for real movements
performance did conform to Fitts’ law in DCD, while both real and imagined movements
did for controls (Lewis, et al., 2008; Maruff, et al., 1999; Williams, et al., 2013; Wilson, et
al., 2001).
Finally, in the training study of Wilson et al. (2002) the imagery protocol was found to be
equally effective to perceptual-motor training in facilitating the development of motor skill.
It has to be noted that children in this study were classified as motor impaired; not all met
the standard research criterion for DCD as a mABC cut-off of the 50th percentile was used.

2.3.2.3 Primary conclusions
Presented first are conclusions for overt manual control, followed by those for covert
manual control. The overt control of manual action has been examined with various tasks.
Most of the studies that used visuomotor adaptation suggest that children with DCD are
less able to update their internal models for action online. Results on reach-to-grasp in
relation to end-state-comfort and subsequent actions were mixed, as were those for lifting
tasks, although there was the suggestion of difficulties adjusting manual forces to altered
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constraints. The results on double step pointing task and also the results of the tracing tasks
were more straightforward; most studies showed reduced feedforward planning in the DCD
group indicated by slower and less accurate performance. The more controlled studies on
rapid online control (Hyde & Wilson, 2011a, b) show that children with DCD have deficits
in rapid correction of ongoing movements. Investigation of online control under varying
cognitive load will clarify the extent of these difficulties and their implications for function.
It was unclear whether explicit exclusion of children with ADHD had any direct impact on
results as the results from some studies that did take this measure showed reasonable
ability in DCD for forward planning (Law, et al., 2011; Zwicker, et al., 2010) while others
did not (Hyde & Wilson, 2011a,b; Pereira et al. 2001). While behavioural data reported by
Zwicker et al. (2010) showed preserved forward planning in DCD during tracing, atypical
brain activation patterns were recorded in DCD during performance. Zwicker argued
that these patterns show that children with DCD rely more on visuospatial processing
to complete the task than the control group. As such it is hard to conclude whether
the motor planning deficits that are observed in DCD are not in some way related to
symptoms of ADHD.
Small sample sizes in many of these studies is contentious; however, effect sizes in many
instances are high enough to instill some confidence about the pattern of performance
differences between groups. The lack of control around some confounds does, however,
warrant caution. Taken together, studies on manual control showed that children with
DCD are impaired on different aspects of forward planning and the online control of hand
movements, but that variation does exist within the DCD population, perhaps partly
attributable to differing co-morbid conditions, or merely natural heterogeneity within the
DCD population.
Studies that examined covert movements of the hand yielded diverse results. Some
studies showed that children with DCD are able to use motor imagery, but more slowly and
less accurately than controls. Other studies using mental rotation tasks showed a weaker
tradeoff between response time and rotation angle, which probably indicates that children
with DCD relied more on visual imagery (Wilson et al., 2004). Furthermore, children with
DCD were less able to benefit from MI instructions. Only one study showed that the DCD
group performed the mental (hand) rotation task in a manner similar to controls (Lust et
al., 2006). Results using the visual guided pointing task were consistent in showing that
imagined movements in DCD did not conform to Fitt’s law. The four studies that excluded
children with ADHD all found that motor imagery was impaired in the DCD group (Deconinck
et al., 2009; Wilson et al., 2001, 2002; Maruff et al., 1999). Moreover, both Lewis et al. (2008)
and Williams et al. (2013) showed that children with ADHD+DCD performed the visual
guided pointing task in the same way as controls; Williams et al. (2013) also showed reduced
motor imagery capacity only in the DCD group and not in the ADHD+DCD group on the hand
rotation task. In sum, these results indicate that motor imagery deficits can be attributed to
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DCD and that the effect of ADHD is minor. Since the methodological quality of studies on
covert manual action was moderate, mainly because DSM-IV-TR criteria were not followed
strictly, results should be interpreted with care. In addition, not all studies of mental rotation
examined whether performance varied according to biomechanical or postural constraints.

2.3.3 Dynamic postural control: Anticipatory adjustments
Study characteristics - Dynamic postural control was addressed in two studies that examined
anticipatory postural adjustments during load lifting. Children in these two studies were
aged 5-13 years (Jover et al., 2010) and 8-11 years (Jucaite et al., 2003). Jover and colleagues
used an inclusion criterion, mABC score < 5th percentile, while Jucaite and colleagues used
< 15th percentile. The study of Jucaite examined the adaptation to different loads during a
lifting task in children with DCD, ADHD, ADHD+DCD and controls. The DCD group in these
studies consisted of 12 (Jucaite et al., 2003) and 16 children respectively (Jover et al., 2010).
Methods and methodological quality - Jover et al. (2010) investigated anticipatory postural
adjustments (APAs) using a bimanual load-lifting task. Using a hand-held weight (either 300
or 450 g), the task consisted of the unloading of the forearm by the voluntary movement of
the child’s other arm. This task requires feedforward control in that smooth performance
presupposes both accurate representation of the load and coordination between limbs as
a function of the changing forces that result through loading and unloading. Only with an
accurate prediction of the changing biomechanics of the limbs is it possible to minimize
the disruption of forearm position at the point of unloading. By comparison, a deficit of
predictive control would result in imprecise and variable APAs, as observed. In the study of
Jucaite et al. (2003) APAs were investigated by means of a unimanual load-lifting task using
four different weights, 300, 700, 500 and 1000g.
The methodological quality of these two studies was moderate: description of DSMIV-TR criteria for the DCD group and control of confounds was incomplete and statistical
results were not precisely presented (Table 2.2).
Results - Jover et al. (2010) showed that although children with DCD could compensate
for the consequences of unloading, there APAs were less efficient than controls. In
addition, Jucaite et al. (2003) showed that the children with DCD and ADHD did not scale
manual and postural forces appropriately in amplitude and showed delayed timing of
postural adjustments.

2.3.3.1 Primary conclusions
Both studies showed poor stabilization of manual and postural forces demonstrating poor
predictive modelling in DCD. However, it should be kept in mind that the methodological
quality of the studies was moderate, and only two studies addressed dynamic postural
control in DCD.
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2.4 Discussion
The internal modelling deficit (IMD) hypothesis states that children with DCD have
difficulties generating or implementing predictive models of action (Wilson and Butson,
2007). A difficulty of this type would severely hamper motor control and learning because
internal models are thought to provide stability to the motor system by utilizing (fast)
internal feedback loops before slow sensorimotor feedback becomes available (Wolpert,
1997). The IMD hypothesis was examined thoroughly in the review presented here. As
development of internal models is specific to the effector system involved (Kawato,
1999; Miall and Wolpert, 1996), we discuss our principle findings according to the effector
system involved: oculomotor control and attention, control of manual action or dynamic
postural control.

2.4.1 Visuospatial attention and oculomotor control
Studies of overt and covert orienting of visuospatial attention were included in this
systematic review. The results of studies on overt orienting showed that children with
DCD have problems with the forward planning of eye movements. More specifically, they
were less able to plan double-step saccades when reliant on forward estimates of eye
position/fixation (Katschmarsky, et al., 2001) and less able to temporally synchronize
their eye tracking to the stimulus (Langaas, et al., 1998). In the studies of Wilmut et al.
(2007) and Wilmut and Wann (2008) children with DCD were slower to disengage attention
and used an inefficient control strategy by first fixating the target before starting the
limb movement. Generalization of the results of these four studies is difficult, however,
because not all DSM-IV-TR criteria for a diagnosis DCD were fulfilled and correction for
confounds (age, gender, ADHD, learning problems) was incomplete.
Studies of covert orienting tested the endogenous mode of attention, the exogenous
mode, or both. Covert attentional shifts are tightly coupled to the process of programming
saccadic eye movements to the location of visual cues (Maruff, et al., 1999). Covert
orienting mirrors the process of setting the spatial coordinates for an intended action
in 3-D space. Delayed disengagement of attention from invalid (or non-informative)
cues will impair this aspect of predictive control (Geuze, 2007). Importantly, all studies
that examined the endogenous mode of control showed performance deficits in DCD,
interpreted mainly as a problem of attentional disengagement. Tsai et al. (2010, 2012)
also reported that children with DCD were disadvantaged by cues presented near central
fixation, and suggested, first, that this reflected a deficit of inhibitory control and, second,
that the used mode of control during this task was largely automatic. This hypothesis
remains open to debate. When combined with information about the probability of
valid cues, a more likely hypothesis is that children with DCD have problems with the
voluntary re-orienting of visuospatial attention (i.e., endogenous mode). Nonetheless,
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because a number of studies on visuospatial attention did not fulfill criteria B and/or C
of the DSM-IV-TR and did not correct for all confounding factors, care should be taken
when interpreting the results. Conclusions about the influence of the high comorbidity of
ADHD are given in the Discussion.

2.4.2. Control of manual action
Aspects of internal modelling are also involved in tasks that have been used traditionally
to assess motor planning. Motor planning can be defined as the formulation of a strategy
of action taking into account the future demands associated with the goal of the action
(Gentilucci, Negrotti, & Gangitano, 1997; Johnson-Frey, McCarty, & Keen, 2004). Motor
planning appeared to be impaired in DCD on most but not all tasks. Tests of visuomotor
adaptation showed that children with DCD are less able to adapt their movement to
different task constraints. This was shown by a higher variability, lower accuracy and/
or longer movement durations. Additionally, two studies showed that the after-effect of
visuomotor perturbation was reduced in DCD (Cantin, et al., 2007; Kagerer, et al., 2004).
For end-state-comfort planning results were conflicting.
Other work showed a consistent pattern of impairment in DCD. The study on double
step pointing showed that children with DCD were less able to enlist a feedforward mode
of control (Wilmut, et al., 2006). Most tracking tasks also showed a reduced ability to
predict the forward motion of a moving target by tracing (De Oliveira & Wann, 2010;
Kashiwagi, et al., 2009). Results for load-lifting tasks were mixed: two studies (Pereira, et
al., 2001; Law et al., 2011) showed an ability in DCD to adapt the force output to different
frictional properties, but Law et al. showed a lower rate of grip force generation, perhaps
linked to a reduced sensitivity to dynamic tactile information. Whether manual force
generation issues are linked specifically to predictive control or are a function of more
basic sensory processing issues, or both, remains an issue of debate.
Deficits of online control have been shown in DCD in two studies using double-step
reaching paradigms (Hyde & Wilson, 2011a,b). While Plumb et al. (2008) failed to detect
a deficit in online control in DCD, the methodological quality of this study was low since
task constraints differed for DCD and control groups.
Motor imagery (that is covert action) was tested using two classes of paradigm:
mental rotation and mental chronometry. It is important to note that the extent to which
motor imagery is enlisted is not an ‘all-or-nothing’ phenomenon. Results suggest that
motor imagery is accessible to children with DCD, but less refined/developed compared
with healthy controls. This was certainly evident in the results of our review. Most studies
found that children with DCD were able to perform motor imagery, but with the rate of
mental transformation slower and less accurate than controls (Deconinck, et al., 2009;
Williams, et al., 2006, 2008, 2013; Wilson, et al., 2004). Overall, it seems that children
with DCD can enlist motor imagery adequately for simple tasks, but it may be used
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less consistently than in children without DCD. As such, like motor planning tasks, it
is important to vary systematically the complexity of motor imagery tasks in order to
assess the particular capabilities of the child with DCD.
Studies that used the visual guided pointing task all showed problems of explicit motor
imagery in DCD as the pattern of response did not conform to Fitts’ Law. Interestingly,
deficits of this type have been interpreted to reflect a problem of body schema and,
associated with this, the ability to model prospective changes in the egocentric
representation of space (Schwoebel, Friedman, Duda, & Coslett, 2001). The body schema
is a multimodal construct derived from the correlated forms of sensory input - including
visual, tactile, kinesthetic and vestibular – as well as outflow from muscle afferents that
also signal prospective changes in body orientation. Indeed, it would be more correct
to say that dynamic body schema can only be derived when sensory inputs and the
anticipated sensory consequences of self-motion can be integrated in a veridical and
harmonious fashion (Miall & Wolpert, 1996; Grush, 2004). It is possible, however, that
the mere disruption of multimodal integration could have profound implications for the
development and the learning of prospective control and skill. This suggestion warrants
an interesting hypothesis for future study.
Motor imagery is also proposed to be a backdoor mechanism that emulates the motor
system (Grush, 2004; Sharma, Pomeroy & Baron, 2006). As such, motor imagery can
be enlisted voluntarily to reinforce the relationship between (simulated) motor output
signals and the resultant behaviour of the physical system. Supporting this view, the
translation of motor imagery training into improved skill and function is pervasive in both
the motor learning and rehabilitation literature. In the case of DCD, this was confirmed
by the motor imagery training study of Wilson et al. (2002) who showed training effects
comparable to conventional physical therapy. We argue that the mechanism of change
has to do with the training of predictive models of action with repeated mental simulation.
Taken together, those studies that addressed motor imagery showed deficits in
children with DCD. In future research it is important to also consider whether tasks were
executed according to biomechanical and postural constraints to confirm the use of
motor imagery.
The CASP scores showed that correction for confounds was limited in most studies
on manual control, criteria B and C for DCD in DSM-IV-TR were often not described,
and precise statistical results not always presented. Replication studies using tighter
experimental control and screening is suggested and much needed in future work.
Notwithstanding this, deficits of predictive control on a range of manual tasks suggest
sufficient evidence in favour of the IMD account, although the magnitude of this deficit
appears to vary with task complexity. In the backdrop of paediatric neurology, DCD
remains a relatively mild motor disorder, one best revealed by use of complex manual
tasks, preferably with a requirement for sequential or multi-step actions, or under high
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spatiotemporal constraints. For example, two of the three studies on reach-to-grasp
under different visual conditions showed difficulties in adapting action to different task
constraints (Biancotto, et al., 2011; Smyth, et al., 2001). In both studies children had to
grasp and lift an object of varying size over a range of distances. By comparison, using
a relatively simple, discrete aiming task involving sensorimotor adaptation, King et al.
(2011) failed to show impairment in DCD using linear modelling; however, deficits were
revealed using more sophisticated multi-level modelling. These examples highlight
two important points: first, the importance of task selection and task complexity in
identifying motor control problems, and second, the choice of statistical analysis, with
those offering resolution at both group and individual levels preferable.

2.4.3 Dynamic postural control
Two studies measured anticipatory postural adjustments (APAs) (Jover, et al., 2010;
Jucaite, et al., 2003). Both studies showed that although children with DCD could
compensate for the consequences of unloading, that their APAs were less efficient than
controls. Children with DCD also showed delayed timing of postural adjustments. These
results suggest difficulties with the forward modelling of postural adjustments. However,
they should be interpreted with caution because only two studies on dynamic postural
control were found and the methodological quality of these two studies was low.
Repetition of these experiments, observing full DSM-IV-TR criteria for DCD, correction
for confounds, and presentation of precise statistical results is warranted.

2.4.4 Internal models for different effector systems
Overall, it appears that the process of internal modelling when using different effector
systems (oculomotor, manual and postural control) is impaired in children with DCD. In
addition, control of not only the overt movement of the eyes and hand is impaired, but
also covert movement (orienting of visuospatial attention and motor imagery). Upon
reviewing all the studies sampled, it is suggested that the internal modelling deficit
observed in children with DCD is more a central deficit rather than one specific to a
certain effector system. Several authors (see Hill, 2005, for a review) have also promoted
the idea that the deficit in timekeeper processes observed in DCD is also a more central
problem rather than a defect in motor output implementation at a peripheral level.

2.4.5 Additional remarks on the included studies
It is well possible that impaired visuomotor integration may be an epiphenomenon that
affected the results in all tasks. The earlier meta-analysis of Wilson and McKenzie (1998)
showed that the most frequently observed deficit in DCD involved the processing of
visual information. In most tasks, target location and/or the visual perturbation must be
processed before the final set of motor commands can be implemented in order to achieve
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the desired end-state. Whether the processing issue is more a question of purely mapping
the motor commands from perceptual input, or predicting perceptual outcomes based on a
given set of motor commands, or both, remains an important question for future work that
may be advanced by neuroimaging methods.
Most of the studies included had a sample size of 20 or less per group. Those on manual
control tended to have smaller samples (sometimes < 10 participants per group). The
expected effect sizes for some were sufficient to warrant this, but for others statistical
power was low. By comparison, studies on the covert orienting of attention had rather
large sample sizes, often with 25 or more children per group. Generalization of the results
was constrained somewhat by variation in the use of inclusion and exclusion criteria for
the DCD group. Twenty-two studies used a mABC score at or below the 15th percentile to
indicate motor impairment, while 14 used a < or ≤5th percentile. In particular, it was not
indicated whether DCD groups conformed to criteria B and C of the DSM-IV-TR which
relate to the motor impairment interfering with daily activities or academic achievement
and to the exclusion of medical conditions. Only five studies excluded children on the basis
of a formal examination that identified medical and neurological conditions (Chen, et al.,
2012; Deconinck, et al., 2009; King, et al., 2011; Van Swieten et al. 2010; Wilmut & Wann,
2008). Other studies that fulfilled criteria C did so by using questionnaires or interviews.
Notably, the more recent studies adhered more tightly to DSM-IV-TR criteria for DCD.
Fifteen studies included in this review used ADHD as exclusion criteria for the DCD group.
Twelve of these showed that the DCD group had problems with the forward modelling
of movements. Four studies included in this review had a separate DCD and ADHD+DCD
group (Jucaite, et al., 2003; Lewis, et al., 2008; Pereira, et al., 2001; Williams, et al., 2013).
All four studies showed that the DCD group was impaired in the forward modelling of
movements. However, it was intriguing to note that the ADHD+DCD group showed better
performance than the DCD group in three studies. In sum, there is good evidence that the
difficulties that are observed with the predictive control of movements in children with
DCD are directly associated with the motor skill learning problem itself and not with issues
associated with comorbid ADHD.

2.4.6 Recommendations for the future
The present systematic review reveals that children with DCD have problems with the
predictive control of movement across effector systems, supporting the IMD hypothesis.
This systematic review also highlighted a number of pointers and avenues that are important
for future research to clarify the IMD hypothesis further. First, task complexity should be
varied systematically. Low complexity in terms of stimulus-response mapping for example,
may be insufficient to identify problems of predictive control; variation of tasks in terms of
their dual-task or attentional load, as well as the number and combination of effector units
involved or subtasks to be fulfilled, would help disentangle the extent of underlying motor
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control issue. Put another way, this variation in task presentation would help define whether
children with DCD have a broad-based control issue across tasks and response modalities
(e.g., eye movement control, manual control or postural control) or whether a milder form
of deficit exists, only becoming evident for complex tasks. This will also inform therapy and
training for these children. Second, there is a distinct need to investigate the development
of predictive control over time using sophisticated longitudinal designs; this would afford
use of growth curve modelling and similar procedures that better account for individual
variability and accommodate missing data. Third, assessment of predictive control in the
context of activities of daily living would prove insightful. Fourth, cross-validation using
a variation of paradigms would provide strong evidence for the IMD account; e.g., use of
implicit and explicit measures of motor imagery, together with (simulated) estimates of
reach extent. Fifth, at the level of group composition and recruitment, we recommend
power analysis for more speculative hypothesis testing, exclusion of comorbid ADHD,
more consistent use of inclusion criteria for the DCD, and more standardized screening
tools (Leeds Consensus Statement; Sugden, Chambers, Utley, 2006), enabling better interstudy comparison.

2.4.7 General conclusions
This is the first systematic review to examine specifically studies on the internal modelling
of movements (i.e., predictive control) in children with DCD. Even conservatively, there is
moderate support for deficits of predictive control in DCD which manifests across effector
systems. The evidence for a deficit in the overt and covert control of eye movements,
as well as covert manual action (motor imagery) was consistent and quite compelling.
Results for overt manual control tasks, while more variable, showed deficits under more
complex task constraints, and those for dynamic postural control, while limited to two
studies, showed sufficient evidence for abnormalities of predictive control. In general, the
effects observed tended to be greater for tasks that required more top-down or explicit
control. Methodological differences between studies were shown to limit comparisons
in a number of cases. Overall, the generalized pattern of deficit in predictive control
that was found, together with moderating factors, provide very specific and informed
avenues for future research.
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Abstract
Recent systematic reviews (Wilson, Ruddock, Smits-Engelsman,
Polatajko, & Blank, 2013; Adams, Lust, Wilson, & Steenbergen,
2014) suggest that a common underlying problem in Developmental
Coordination Disorder (DCD) is the internal modelling deficit (IMD).
The study presented here is the first to test this hypothesis using
a within subject design, assessing motor imagery, action planning
and rapid online control in a sample of children screened rigorously
for DCD. Participants were 66 children; 33 children (26 boys and 7
girls) aged 6-11 years in the DCD group and 33 controls (gender and
age-matched). Motor imagery was assessed with the hand rotation
task (HRT); action planning with an end-state comfort effect test;
and rapid online control with the double step pointing task. Results
showed that children with DCD were slower and less accurate than
controls in the HRT. Reduced forward planning for comfortable
end-state was also shown in DCD. Finally, no group differences
were found on the rapid online control task. Collectively, children
with DCD manifest deficits in the internal modelling of movements
but this varies under different task constraints, particularly those
related to movement complexity.
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3.1 Introduction
Skilled motor behaviour is seen as the ability to produce fluid, well-coordinated
and efficient movements, often in the face of dynamic environmental conditions. In
particular, the ability to adjust movements seamlessly during the course of action is a
vitally important aspect of control, one based on the capacity of the motor system to
learn its own dynamics and thence to model its own “behaviour” in real time; this enables
the performer to make online adjustments (to force and spatiotemporal parameters)
based on forward estimates of limb position (Flanagan, Vetter, Johansson, & Wolpert,
2003; Shadmehr, Smith, & Krakauer, 2010). Deficits in this process of forward (or
internal) modelling have been linked to children with motor coordination problems (or
Developmental Coordination Disorder—DCD).
Children with DCD fail to develop levels of skill that are commensurate with the
expectations of age and previous opportunities for skill learning. This can manifest as
problems with fine motor skills (e.g. holding a pencil and writing, cutting with scissors),
gross motor skills (throwing and catching a ball, riding a bicycle), balance or a combination
of skills that interfere with activities of daily living or academic achievement (American
Psychiatric Association, 2013). There is now a significant body of work into the aetiology
of DCD which reveals a number of viable hypotheses including reduced processing speed,
problems in executive functioning, poor cross-model integration, and poor perceptualmotor coupling (for review see Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank,
2013). In two recent systematic reviews this collective evidence was analysed (Adams,
Lust, Wilson, & Steenbergen, 2014; Wilson et al., 2013) to reveal a prime underlying deficit
in motor control and learning linked specifically to the predictive control of movements.
This deficit has also been described as the ‘internal modelling deficit’ (IMD) (Wilson, &
Butson, 2007; Wilson et al., 2013).
The concept of an internal model is a unifying one, explaining basic mechanisms
of both motor control and learning (Wolpert, 1997; Wolpert & Kawato, 1998) within a
computational neuroscience framework (Kawato, 1999). The importance of forward (or
predictive) estimates of limb dynamics and trajectory to the realisation of motor control
has been validated in numerous behavioural studies (Boyle, Kennedy, Wang, & Shea,
2014; Houde & Borst, 2014; Olofsson, 2014; Shadmehr et al., 2010). Predictive models
contribute to volitional control and the stability of the motor system by anticipating
the sensory consequences of a given movement. This internal prediction (or emulation)
occurs before slow, sensori-motor feedback becomes available (Wolpert, 1997), providing
a means of rapid online correction. When a motor plan is initiated, the motor cortex
generates a motor command that is relayed to the body via descending corticospinal
tracts. An efference copy of this motor command is generated in parallel as a corollary
discharge and relayed to parieto-cerebellar and parieto-frontal networks. These networks
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support a process of comparison between predicted estimates of limb dynamics and that
provided by real-time sensory feedback (Bubic, von Cramon, & Schubotz, 2010). Errors
of prediction are used as an input signal to modulate the ongoing action plan, with a
latency that is far more acute than that possible via sensory feedback-based control
(Hyde & Wilson, 2011a, 2013). Importantly, this process of control and error correction
also generates training signals that can fine-tune forward planning over repeated trials
or learning experiences.
While deficits of predictive control in DCD have been shown across a number of
studies (Wilson et al., 2013), before 2014 there has been no single study that has
investigated different aspects of this mechanism in the same group of children (Adams
et al., 2014). Aspects of motor imagery, action planning and rapid online control have
been investigated experimentally, but in separate groups of children (reviewed in Adams
et al., 2014). These studies differed on aspects of inclusion (research or clinical criteria),
and examined aspects of predictive control in isolation (motor imagery, action planning,
rapid online control) as a consequence of which comparison among studies remained
problematic. Two recent studies have examined motor imagery and action planning
(Noten, Wilson, Ruddock, & Steenbergen, 2014) and motor imagery and rapid online
control (Fuelscher, Williams, Enticott, & Hyde, 2015) using a single group of children with
probable DCD. In the present study, we assess three aspects of predictive control in
a single DCD group that conform strictly to the DSM-V diagnostic criteria. By using a
suite of experimental tasks that tap into different aspects of internal modelling, using a
within-subject design, we provide the strongest test to date of the IMD hypothesis. This
advances our knowledge about underlying mechanisms of motor control that may be
compromised in children with DCD, which is currently not well understood (Blank, SmitsEngelsman, Polatajko, & Wilson, 2012).
First, motor imagery tasks are considered a valid and valuable means of describing
the content of internal models for movement (Decety & Grezes, 1999; Sirigu et al., 1995).
Earlier studies of motor imagery in DCD have employed two main paradigms: mental
rotation and mental chronometry. In mental rotation tasks (Parsons, 1994; Shepard &
Metzler, 1971), participants have to make judgements on the laterality or identity of
stimuli (e.g. hands, letter stimuli) displayed at different angles of rotation. For limbrelated stimuli, use of motor imagery is inferred when the biomechanical constraints
of the simulated movement are reflected in the pattern of response time or error data
such as longer reaction times for laterally orientated stimuli than for medially orientated
stimuli (Parsons, 1994; ter Horst, van Lier, & Steenbergen, 2010). Likewise, in the visual
guided pointing task (VGPT) and the radial VGPT (Caeyenberghs, Wilson, van Roon,
Swinnen, & Smits-Engelsman, 2009) mental chronometry between mentally imagined
and real actions is taken as evidence for the use of motor imagery. In a recent systematic
review (Adams et al., 2014) we showed that motor imagery is impaired in children with
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DCD. In mental rotation, the deficit was shown by slower and less accurate performance
in the DCD group relative to controls (Deconinck, Spitaels, Fias, & Lenoir, 2009; Williams,
Thomas, Maruff, & Wilson, 2008) and a weaker trade-off between response time and
rotation angle (Williams, Omizzolo, Galea, & Vance, 2013; Williams, Thomas, Maruff,
Butson, & Wilson, 2006; Wilson et al., 2004). In the mental chronometry task, this was
manifest as a weaker correlation between real and imagined action and a trade-off
between response time and task difficulty that was only preserved for real actions, and
not imagined (Ferguson, Wilson, Smits-Engelsman, 2015; Lewis, Vance, Maruff, Wilson,
& Cairney, 2008; Williams et al., 2013; Wilson, Maruff, Ives, & Currie, 2001). In the study
presented here we used the hand rotation task to examine motor imagery ability in
DCD. The hand rotation task is regarded as a measure of implicit motor imagery (hence,
not requiring explicit verbal instructions), thought to be more sensitive to age-related
change, and has shown excellent construct validity for use in developmental studies
(reviewed in Spruijt, van der Kamp, Steenbergen, 2015b).
Second, action planning tasks provide a window to both the content of the internal
model and the execution of this model. Wolpert, Ghahramani, & Jordan (1995) showed
that an estimation of the future location of the hand could be obtained by combining
efferent and afferent signals in a forward model. Action planning tasks are used to
examine how accurately the end-state of a movement is predicted, based on the forward
model (Johnson, 2000; Steenbergen, Jongbloed-Pereboom, Spruijt, & Gordon, 2013).
Earlier research point to a causal link between motor imagery and planning for end-state
comfort: (i) similar neural structures are activated during imagery of end state postures
and the actual planning of a movement (Hanawaka, Dimyan, & Hallet, 2008; Lacourse,
Orr, Cramer, & Cohen, 2005), and (ii) for post stroke patients, motor imagery training is
reported to have beneficial effects on motor rehabilitation (Page, Levine, & Khoury, 2008;
Sharma, Pomeroy & Baron, 2006). We define action planning as the ability to take into
account the goal of the task when first taking hold of an object (Johnson-Frey, McCarty,
& Keen, 2004). The forward planning process is apparent when participants plan for endstate-comfort even when they have to sacrifice initial comfort (Rosenbaum et al., 1990).
Studies examining the end-state comfort effect in children with DCD showed conflicting
results. Van Swieten et al. (2010) showed that children with DCD were biased towards
selecting the simplest initial posture, indicating reduced forward planning. Smyth and
Mason (1997) and Noten et al. (2014), however, showed no difference in grip selection
between a DCD and a control group. In earlier studies the difference in performance on
several tasks examining the end-state comfort effect has been compared and contrasted
(Jongbloed-Pereboom, Spruijt, Nijhuis-van der Sanden, Steenbergen, 2016; Knudsen,
Henning, Wunsch, Weigelt, Aschersleben, 2012; Smyth and Mason, 1997). In the study of
Jongbloed-Pereboom et al. (2016) it was shown that the sword task is a more complex
task than the bar grasping task. In the critical orientations of the sword task participants
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have to move their hand in a lateral position, which demands an ulnar deviation of the
wrist, an orientation that is perceived as less comfortable (Parsons, 1987). In addition,
at the end of the task, the precision demands are higher for the sword task. The testretest and interrater reliability of this task were shown to be good (Jongbloed-Pereboom,
Nijhuis-van der Sanden, Saraber-Schiphorst, Crajé, & Steenbergen, 2013). In the present
study, we used the sword task to examine action planning in children with DCD and a
control group, because we expected that the increased level of complexity of this task
would be more sensitive to age- and group-related differences.
Third, the online control of movements requires that the motor system predicts
the future location of the moving limb using a forward internal model (Desmurget &
Grafton, 2003; Jeannerod, 2006; Wolpert, 1997). Recently, it was shown that motor
imagery ability was a significant predictor of the ability to implement online (reach)
corrections in healthy adults (Hyde, Wilmut, Fuelscher, & Williams, 2013) and children
with DCD (Fuelscher, Williams, Enticott, & Hyde, 2015). This forward estimate of limb
position permits the rapid integration of efferent and afferent signals, speeding up
perceptual-motor responsivity (Desmurget & Grafton, 2003). In the case of targetdirected reaching, the nervous system must implement rapid changes in trajectory, inflight, should movement be perturbed in some way or in the event of a visually detected
change in the environment. Online corrections of this type depend on an individuals’
ability to compare the predicted sensory consequences of a prospective action (based
on the forward internal model) and actual sensory feedback (Izawa & Shadmehr, 2011;
Shadmehr & Krakauer, 2008; Wolpert, Diedrichsen, & Flanagan, 2011). Experimentally,
the operation of these internal feedback loops has been examined in children with DCD
using double-step perturbation paradigms (Hyde & Wilson, 2011a, 2011b, 2013; Plumb
et al., 2008). Children with DCD were repeatedly shown to exhibit a reduced ability to
correct movements in-flight (Hyde & Wilson, 2011a, 2011b and 2013; Fuelscher et al.
2015; but see Plumb et al., 2008), evidenced by longer movement times in response to
target perturbation and later changes in trajectory. These findings indicate that visual
perturbations are detected more slowly and/or internal feedback loops operate with
higher levels of neural noise (Smits-Engelsman & Wilson, 2013a). In the present study
children performed double-step reaching using finger sliding movements on a touchscreen (2D) and not lift-and-touch movements (3D). This set-up provided the flexibility
needed to conduct home-based measurements as no advanced 3D kinematic system was
needed. The 2D registration has been shown to be valid and reliable in earlier studies
(Henis & Flash, 1995; van Sonderen, Gielen, & Denier van der Gon, 1989). We chose to use
the finger and not a pen or stylus as the touchpoint on the screen because handwriting
problems are well known in children with DCD (Prunty, Barnett, Wilmut, & Plumb, 2013;
Rosenblum & Livneh-Zirinski, 2008).
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Taken collectively, the evidence thus far suggests deficits in predictive control in
children with DCD. The next step is to examine the performance on these tasks coherently
within one group of children with DCD. In the present study we tested 33 children with
DCD (according to the DSM-V criteria) and 33 age-matched controls on three tasks that
assess specific aspects of the internal model. We used an age range from 6-11 years
which is critical for the development of predictive control (Caeyenberghs, Wilson, et al.
2009). To examine the content of the internal model, we used a motor imagery task; the
hand rotation task. To test both the content and execution of the internal model; we
used an action planning task, the ‘sword’ task (Crajé, Aarts, Nijhuis-van der Sanden, &
Steenbergen, 2010; Jongbloed-Pereboom, et al., 2013). Finally, to examine the detection
and correction of online perturbations, the double step reaching paradigm was used.

3.2 Methods
3.2.1 Participants
Thirty-three children (26 boys and 7 girls) between the ages of 6 and 11 years who met
the DSM-V diagnostic criteria for DCD and thirty-three individual gender and agematched controls (+/- 4 months) were included (American Psychiatric Association, 2013).
The mean age for the DCD group was 8.89 (SD = 1.40), and 8.93 years (SD = 1.36) for
the control. Fifty-nine children were right-handed, as indicated by their parents on the
health questionnaire and indicated by the children when performing the manual tasks of
the movement ABC (mABC-2), and 7 children (2 DCD, 5 control) were left-handed.
The DCD group was recruited through paediatric physical therapists and via an
advertisement on a website for parents of children with DCD. The included children in
the DCD group all met the following four inclusion criteria to ensure that the DSM-V
diagnostic criteria for DCD were met: (1) mABC-2 (Dutch translation - Smits-Engelsman,
2010) total percentile score ≤ 16th or component percentile score ≤ 5th percentile
(criterion A DSM-V), (2) treated or have been treated for a motor coordination problem
by a paediatric physical therapist (criterion B DSM-V), (3) IQ > 70. If children attended
regular primary education and had not been diagnosed with a learning disorder, an IQ
>70 was inferred. When children attended special education, IQ score was checked by
asking their parents the latest IQ score (criterion D DSM-V), (4) no visual impairments
or neurological conditions that could affect their motor abilities (criterion D DSM-V).
A health questionnaire with specific questions about medical conditions was used to
ascertain this last criterion. Criterion C of the DSM-V about the early onset of symptoms
is present because the children have symptoms between 6 and 11 years of age.
Children for the control group were recruited on two mainstream primary schools.
Control children were included if they had a mABC-2 total percentile score > 20th
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percentile and IQ > 70 (inferred when attending regular primary education and not been
diagnosed with a learning disorder).

3.2.2 Procedure
Approval for the experiment was obtained from the local Ethical Committee (Registration
number: 2013-1405-110a1). The parents of all participants signed a written informed
consent form prior to the study and were asked to fill in the DCD-Q (Dutch translation
(Schoemaker, Reinders-Messelink, & de Kloet, 2008), the ADHD questionnaire (ADHDQ Scholte & van der Ploeg, 2004), and a questionnaire concerning the health of their child. The
DCD-Q was used to monitor the interference of the motor problem with activities of daily
living and academic productivity (criteria B of DSM-V), the ADHDQ was used to examine
signs of ADHD in both groups because ADHD often co-occurs in DCD. After receiving the
informed consent and questionnaires, the child was asked to fulfil several tasks.
During all experimental tasks participants were seated on a comfortable chair with their
arms resting on the table in front of them. All participants performed the experimental
tasks in the same order: (1) hand rotation task, (2) double step reaching paradigm, (3) sword
task. The mABC-2 was assessed after the experimental tasks and a break was provided in
between the experimental tasks and the mABC-2 to prevent fatigue. Children needed 1
hour to complete all tasks. For the hand rotation task and double step reaching paradigm
custom developed software in the Presentation software package (Neurobehavioral
Systems, Albany, USA) was used to present stimuli and record data. In the hand rotation
task a laptop screen (14 – inch) was placed 60 cm in front of the participants. In the double
step reaching paradigm, a 19 inch touch-screen (ELO 1928L Desktop Touchmonitor, ELO
Touch Solutions, Milpitas, California, USA) was placed in front of participants on a table and
was tilted about 10° towards them.

3.2.3 Assessments
3.2.3.1 Motor imagery
Children were asked to determine whether the presented hand was a left or a right hand
by pressing the corresponding button. Participants placed their hands on two separate
buttons, with their palms down, and vision of the hands was occluded by a towel. The
stimuli were custom made 3D hand stimuli (length of hand stimuli on screen was 9 cm),
designed in a 3D image software package (Autodesk Maya 2009, San Rafael, California,
USA). These stimuli were presented in six different orientations, starting at 0° (fingers
pointing up) and rotated clockwise to 60°, 120°, 180°, 240° and 300°, for both left and
right hands, yielding a total of 12 different stimuli in back view and 12 different stimuli in
palm view. In block 1, the back view stimuli were shown, in block 2, the palm view stimuli
were shown. Stimuli were presented in a random order and every stimulus was presented
3 times, resulting in 36 stimuli per block. Every block was preceded by 18 practice trials.
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Outcome measures were reaction times (RTs) – time between appearance of the hand
stimulus and button press – and number of errors.

3.2.3.2 Anticipatory action planning
Action planning was assessed by a validated task to measure action planning in children
(Crajé, Aarts, et al., 2010; Jongbloed-Pereboom et al., 2013). Children had to pick a wooden
sword (length 18.0 cm, width 2.0 cm, height 1.2 cm, handle length 9.5 cm) from the table
and subsequently sting it into a tight hole (2.0 x 0.8 cm) of a ‘treasure chest’ (a wooden
block of 27.0 cm x 13.0 cm x 13.0 cm). The sword was always presented on a sheet of paper
(30 cm length and 28 cm width) on which 6 possible sword rotations and the fixed position
of the treasure chest were drawn (Figure 3.1.A). Four of these six starting orientations
served as the control orientations, and two served as the critical orientations. In these
critical orientations, children needed to sacrifice comfort of the start posture in order to be
able to end the task in a comfortable posture on fitting the sword into the tight-fitting hole
(Orientations 2 and 3 for right handed participants, Orientations 5 and 6 for left handed
participants). Children were instructed to pick up the sword with a power grip (i.e. whole
hand grip) with their dominant hand and subsequently place it in the tight-fitting hole in the
treasure chest (Figure 3.1.B). The experiment always started with a trial that did not require
any sword rotation (Orientation 1). After successful completion of this trial, the experiment
started. Every rotation was repeated three times resulting in a total of 18 trials, presented
in random order. The experimental session was recorded with a digital video camera for
off-line data analysis. The percentage of comfortable end postures in both the critical
and the control orientations served as the dependent variable of interest. In the study of
Jongbloed-Pereboom et al. (2013) it was shown that this task has good test-retest and
interrater reliability, with intraclass correlation coefficients of 0.90 and 0.95, respectively.

Figure 3.1. - (A) Setup of the action planning task, sword in orientation 3. The sword
orientation with the blade towards the wooden block was designated as orientation 1.
(B) Example of a comfortable end posture.
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3.2.3.3 Rapid online control
To assess rapid online control, the double-step reaching paradigm was used. The display
on the touch-screen consisted of a white circle at the bottom centre of the monitor, the
‘home base’ (diameter 20 mm), and three possible white target locations (each 20 mm in
diameter) in a semi-circular formation across the top of the screen. The distance between
the centre of the home base and each target was 25 cm and the targets were spaced 20°
apart at the coordinates of -20°, 0°, and 20° with respect to the home base. Participants
were asked to perform the task by using the index finger of their dominant hand. At the
beginning of each trial, the home base and the middle target were shown. The children
were instructed to touch and hold the home base with their index finger. After a random
interval between 500 and 1000 ms a beep tone was emitted; then participants had to
touch the target circle as quickly as possible by making a sliding movement on the touchscreen. In 75% of the trials the middle target had to be hit, while in 25% of trials the
middle target suddenly jumped either to the position -20° or +20° with respect to the
home base at the moment the participant had left the home base. After touching the
screen within the designated target boundaries, the child was instructed to return to the
home base and wait for the next target. Prior to the performance of the task, the children
were given four practice trials. The participants then completed two blocks of 32 trials.
The blocks were separated by a short break. Each block consisted of 24 non-jump trials
and 8 jump trials (4 to each side) which were presented in a pseudo-randomized order.

3.2.4 Data analysis
All analyses were performed using SPSS version 19 (IBM Corp, Armonk, NY, USA).
Alpha level was set at 0.05, and Greenhouse-Geisser corrections were done when the
assumption of sphericity was violated. The total score on the ADHDQ was first entered
to all repeated measures ANOVAs and checked whether the covariate had a significant
effect. When the covariate had a no significant effect, it was removed from the analysis
and results of the model without the covariate are then reported.

3.2.4.1 Questionnaires
Total score on the DCDQ and ADHDQ was compared between the DCD and control group
with two independent t-tests. Total score on the ADHDQ was first entered to all repeated
measures ANOVAs of the hand rotation task, and rapid online control, and checked
whether this covariate had a significant effect.

3.2.4.2 Motor imagery
Mean response times (RTs) and number of errors were calculated for each angle of
rotation and for each condition. Anticipatory responses (< 250 ms) and RTs showing an
abnormal delay (> 3.0 x SD above mean RT per condition per individual) were removed
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before subsequent analyses (1.9% and 2.1% in the back view for control and DCD group
respectively, and 1.9% and 3.6% in the palm view for control and DCD group respectively).
In addition, only children that had at least half of all trials (≥ 18 trials) correct were included
in the analysis. This was considered separately for the back (included, DCD group: 30;
control: 33) and palm view condition (included, DCD group: 30; control: 33). For back and
palm view, two separate repeated measures ANOVAs (2 (groups) x 6 (rotation angle) x
2 (left/right hand stimuli)) with RT as dependent variable were conducted. To infer use
of motor imagery, the RTs of lateral (60 R, 120 R, 240 L, 300 L) and medial (60 L, 120 L,
240 R, 300 R) stimuli were compared within a 2 (groups) x 2 (lateral/medial) repeated
measures ANOVA (Jacobsen, 2014). The number of errors were analysed with a Mann
Whitney U test.

3.2.4.3 Anticipatory action planning
For the sword task, the percentage of comfortable end postures in critical and noncritical trials of the sword task were compared between DCD and control group with a
Mann Whitney U test.

3.2.4.4 Rapid online control
Mean movement time (MT; duration between leaving the home base and reaching the
target circle) and mean total time (TT; duration between the start beep and reaching the
target circle) were calculated for both conditions (non jump/jump) for each individual.
Outliers (> 3.0 SD +/- the mean MT or TT per condition per individual) and anticipatory
responses (trials in which half of the distance between home base and target (25 cm) on
the touch-screen was reached within < 100 ms following the start signal) were discarded
from analysis (11.7% in the DCD group, 13.48% in the control group). Two repeated
measures ANOVAs (2 (Group) x 2 (Condition: jump/non jump)) were conducted on mean
MT and TT. Independent t-tests were conducted on MTdiff and TTdiff to compare the DCD
and control group. Centre touch errors (CTEs) were examined with a Mann Whitney U
test. Using a 2D (x by y) representation of each reaching trajectory for jump trials, the
path length for each jump trial was calculated using the formula √(∆x2/∆y2) Mean path
lengths for each participant on jump trials were then calculated. An independent t-test
was used to examine whether path lengths on jump trials significantly differed between
the DCD and control group.
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3.3 Results
3.3.1 Questionnaires
In line with our expectations, total scores on the DCD-Q were lower for the DCD group (M
= 37.06, SD = 13.29) than the control group (M = 65.39, SD = 9.96), t(64) = -9.98, p < 0.001.
Total scores on the ADHDQ were higher for the DCD group (M = 25.48, SD = 13.95) than
the control group (M = 13.33, SD = 12.49), t(64) = 3.73, p <0.001. The health questionnaires
showed that three children in the DCD group had a formal diagnosis ADHD (assessed by
a health professional), as well as two children in the control group. In initial analyses total
score on ADHDQ was entered as a covariate in all ANOVAs. However, the effect was not
significant in any of the analyses and we therefore removed ADHDQ as a covariate from
all ANOVAs.

3.3.2 Motor imagery
Because the RTs in the hand rotation task were not normally distributed, all RTs were
transformed using a log10 transformation.
The 2 (groups) x 6 (rotation angle) x 2 (left/right hand stimuli) ANOVA for the back
view revealed that the DCD group had larger RTs than the control group, but this just
failed to reach significance, F (1,61) = 3.72, p = 0.058, η2 = 0.057. RTs significantly differed
per rotation angle, F (4.53, 246.64) = 63.03, p = < 0.001, η2 = 0.51 (Figure 3.2). There was
no significant difference in RT between left and right hand stimuli (p = 0.39). A significant
rotation angle * group interaction was found indicating that increase in RT per rotation
angle was larger in the control than in the DCD group, F (4.04, 246.64) = 2.68, p = 0.022,
η2 = 0.04 (Figure 3.2.A). When running two separate 6 (rotation angle) x 2 (left/right hand
stimuli) ANOVA for DCD and control group, it was shown that RT significantly differed
per rotation angle in both groups, but that the effect size was larger in the control group
(DCD: F (1.44, 2.26) = 18.44, p < 0.001, η2 = 0.39, control: F (3.39, 2.14) = 50.81, p < 0.001,
η2 = 0.61). There was a significant rotation angle * left/right hand stimuli interaction, F
(5,305)= 5.82, p < 0.001, η2 = 0.09, that did not differ between groups (p = 0.71). In line with
this interaction, Figure 3.2.B shows that RTs for hand stimuli that were rotated medially
were significantly faster than the RTs for hand stimuli that were rotated laterally.
The 2 (groups) x 6 (rotation angle) x 2 (left/right hand stimuli) ANOVA for the palm
view showed that there was no significant difference in RTs between groups (p = 0.822),
Figure 3.3.A. RTs significantly differed per rotation angle, F (4.19, 255.56) = 3.93, p = 0.004,
η2 = 0.06. There was no significant difference in RTs between left and right hand stimuli
(p = 0.202). The interaction rotation angle * left/right hand stimuli was significant,
F (3.88, 236.58) = 13.71, p < 0.001, η2 = 0.18, and did not differ between groups
(p = 0.54), again indicating the RTs for hand stimuli rotated medially are significantly
faster than for hand stimuli rotated laterally (Figure 3.3.B).
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The RTs of lateral (mean of RT on 60 R, 120 R, 240 L, and 300 L) and medial (mean of RT on
60 L, 120 L, 240 R, and 300 R) stimuli were compared with a 2 (groups) x 2 (lateral/medial)
repeated measures ANOVA for both back and palm view conditions separately. Results
show a trend that RTs of the DCD group were larger than RTs of the control group for back
view stimuli, F (1,61) = 3.39, p = 0.070, η2 = 0.05. The RTs for laterally rotated hand stimuli
were significantly larger than the RTs for medially rotated hand stimuli, F (1,61) = 20.46, p <
0.001, η2 = 0.25. The interaction group * lateral/medial was not significant (p = 0.423). In the
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Figure 3.2. - (A) Log10 Mean response time (RT) per rotation angle for hand stimuli in back
view. Solid line refers to DCD group, dashed line to control group. (B) Log10 Mean response
time (RT) per rotation angle for hand stimuli in the back view for both DCD and control group.
Solid line refers to left hand stimuli, dashed line to right hand stimuli. Error bars represent
95% CI.
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palm view, there was no significant effect of group (p = 0.78). The RTs for lateral stimuli were
again significantly larger than the RTs for medial stimuli, F (1,61) = 36.21, p < 0.001, η2 = 0.37.
The interaction group*lateral/medial interaction was not significant (p = 0.26).
The total number of errors was analysed with a Mann Whitney U test for back and palm
view conditions separately. In the back view, the DCD group made significantly more
errors than the control group (DCD median = 5.0 , control median = 2.0 ), U =294.00,
p = 0.005, r = -0.35. In addition, for the total number of errors for lateral rotated stimuli
shown in back view there was a trend that the DCD group made more errors than the
control group (DCD median =2.0 , control median = 0.00), U = 374,50, p = 0.080, r = -0.22,
while there was no difference in the number of errors when medial rotated stimuli were
shown (p = 0.51). In the palm view, there was a strong trend that the DCD group made
more errors than the control group (DCD median =5.0 , control median = 2.0 ), U = 354.00,
p = 0.051, r = -0.25. Furthermore, for the total number of errors for lateral rotated stimuli
shown in palm view there was a trend that the DCD group made significantly more errors
than the control group (DCD median =3.0, control median = 1.0 ), U = 368.50, p = 0.076,
r = -0.22, but there was no difference in the number of errors when medial rotated stimuli
were presented (p = 0.30).

3.3.3 Anticipatory action planning
For the sword task, Mann Whitney U test revealed that in critical trials, the control
group ended more often in a comfortable end position than the DCD group (median DCD
= 16.67%, median control = 50.0%), U = 362.5, p = 0.016, r = -0.30. In non critical trials,
the median percentage of trials where participants ended in a comfortable way, did
not differ between groups (median DCD = 100.0%, median control = 100.0%), U = 472.5,
p = 0.217, r = -0.15.

3.3.4 Rapid online control
Because MT and TT were not normally distributed, both MT and TT were transformed
using a log10 transformation. The 2 (group) x 2 (condition) repeated measures ANOVA
on MT, revealed that although the DCD group had larger MTs on both non jump (DCD
M = 933.50, control M = 846.40) and jump trials (DCD M = 1492.74, control M = 1385.15),
there was no main effect of group, F (1,64) = 2.24, p = 0.139, η2 = 0.03. MTs of jump
trials were significantly larger than MTs of non jump trials, F (1,64) = 135.26, p < 0.001,
η2 = 0.679. The interaction group* condition was not significant (p = 0.781). The 2 (groups)
x 2 (conditions) repeated measures ANOVA on TT also showed no significant effect of
group, F (1,64) = 2.64, p = 0.109, η2 = 0.04. TTs on jump trials were significantly larger
than TTs of non jump trials, F (1,64) = 157.08, p < 0.001, η2 = 0.71. The interaction group*
condition was not significant (p = 0.69). Two independent t-tests were used to test
whether the difference between jump and non jump MTs (MTdiff ) and TTs (TTdiff ) were
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Figure 3.3. - (A) Log10 Mean response time (RT) per rotation angle for hand stimuli in palm
view. Solid line refers to DCD group, dashed line to control group. (B) Log10 Mean response
time (RT) per rotation angle for hand stimuli in the palm view for both DCD and control group.
Solid line refers to left hand stimuli, dashed line to right hand stimuli. Error bars represent
95% CI.

different between groups. Both t-tests showed that there was no significant difference
between either MTdiff or TTdiff between groups. The Mann Whitney U test revealed that
there was no difference in the number of CTEs in jump trials between the DCD and
control group (DCD: median = 2.00, control: median = 2.00). The mean path lengths on
jump trials were not significantly different between DCD and control group (DCD M =
31.8 cm, control M = 30.9 cm), t(64) = 0.83, p = 0.41.
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A summary of the group effects on all experimental tasks and interactions involving
group, can be found in Table 3.1.
Table 3.1. - Group effects on all experimental tasks.
Task

Dependent variable

Group effect

Significant interactions with
Group

Hand rotation

Reaction Time

Back

p = 0.058, η2 = 0.06

Palm

p = 0.822, η = 0.00

Back:
rotation angle * group:
p = 0.022, η2 = 0.04

Back

p = 0.005, r = -0.35

-

Palm

p = 0.051, r = -0.25

Number of errors

2

Action planning

% comfortable end positions in critical trials

p = 0.016, r = -0.30

-

Rapid online control

Movement Time

p = 0.139, η2 = 0.03

-

3.4 Discussion
The aim of our study was to test the IMD hypothesis in DCD using converging operations,
administered to children who were screened using strict clinical criteria. We examined
different aspects of predictive motor control using three paradigms: a motor imagery,
an action planning and an online control paradigm. The results showed that children with
DCD performed poorly on the test of implicit MI (the hand rotation task). Performance
on the action planning task was also compromised in DCD, but not that for the rapid
online control task. Collectively, these results provide evidence that children with DCD
manifest deficits in the internal modelling of movements but that task-related factors
constrain their expression, particularly those factors related to movement complexity.
These results extend previous studies on predictive control in children with DCD. Below
we discuss performance on each task in turn, and then reconcile the overall pattern of
findings by examining key task-related factors like response complexity.
Results for the hand rotation task showed that the children with DCD were able to use
motor imagery, as evidenced by increased reaction times to laterally rotated compared
with medially rotated hand stimuli, a pattern consistent with the biomechanical
constraints of real movements. However, children with DCD were slower and less
accurate than their peers, and the trade-off between response time and rotation
angle was weaker. These results confirm previous studies using the hand rotation
task (Deconinck et al., 2009; Williams, et al., 2006, 2008, 2013; Wilson et al., 2004).
This pattern of performance suggests that motor imagery can be enlisted by children
with DCD, but more slowly and less accurately than controls. From this task we infer
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that there exists a basic ability in these children to represent internally the spatial and
temporal coordinates of a prospective action (internal modelling), but that it is less
well developed than is typical for age. The general slowness and reduced accuracy fits a
profile of developmental lag seen in other cognitive abilities including working memory,
attention and response inhibition (Diamond, 2013; Wilson et al., 2013).
Performance on the action planning task was compromised in DCD, indicating reduced
forward planning in these children. The DCD group ended less often in a comfortable
end position during critical trials compared with typically developing children (Smyth &
Mason, 1997; van Swieten et al., 2010). In an earlier study by Van Swieten and colleagues
(2010) it was shown that children with DCD were biased towards selecting the simplest
initial movement, while Smyth and Mason (1997) found no difference in grip selection
between DCD and control groups. These different findings probably reflect differences in
screening and severity of DCD. Smyth and Mason (1997) used a mABC percentile cut-off
score of < 15th and did not check for DSM-IV Criterion B (interference of motor problems
with daily life or academic achievement), or Criterion D (motor problems not explained
by a medical/neurological disorder). Van Swieten et al. (2010) recruited children from a
hospital and diagnosed DCD by a history of coordination problems and a mABC cut-off <
5th percentile. As such, there were more severe cases of DCD in this study compared with
Smyth and Mason (1997). Our study used strict DSM criteria, with results similar to Van
Swieten et al. (2010). This shows clearly that severity of DCD is an important factor when
reconciling competing findings across studies of action planning, with the more severe
cases showing greater deficit, indicative of problems in internal modelling. Finally, task
complexity is also a factor in forward planning, as shown by Noten et al. (2014); here
increased task complexity led to a breakdown in planning for end-state comfort in a
group of mild DCD (using research criteria). In sum, deficits in action planning are evident
in DCD, but may only manifest in more severe cases of DCD, and with more complex
task constraints. In the present study we did not find a specific deficit in DCD with
online control, as measured using the rapid online control task. This result accords with
Plumb et al. (2008) who showed no selective impairment on jump trials in a severe DCD
group (aged 7-13 years), but rather a generalised slowness in reaction and movement
time. By comparison, deficits in online control were detected in four studies using the
same paradigm (Hyde & Wilson, 2011a, 2011b, 2013; Fuelscher et al. 2015). The main
distinction between studies concerns the screening instrument: Hyde and colleagues
used the McCarron Assessment of Neuromuscular Development (MAND) (McCarron,
1997) rather than the mABC, with the DCD group comprising children between 7 and
12 years and a MAND NDI < 10th or ≤ 15th percentile. Five of the ten items on the MAND
assess fine-motor skill, while only three of eight items do so on the mABC. Indeed, it is
known that a significant level of independence exists between the MAND and the mABC
(Brantner, Piek, & Smith, 2009). Other work shows the MAND to be a very sensitive
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measure when screening for DCD (Tan, Parker, & Larkin, 2001). On balance, the MAND
is likely to identify children with DCD who tend to be more impaired on fine-motor items
than comparable tests. Because the rapid online control task requires hand movement,
screening using the MAND is more liable to identify children whose internal modelling
processes are selectively impaired for tasks that enlist manual action and fine-control
of the digits. Another difference between the present study and those of Hyde and
colleagues (Hyde & Wilson 2011a, 2011b, 2013; Fuelscher et al. 2015), is that children
in our study were constrained to only make movements in 2D and not movements in
flight (or 3D). Our task had reduced spatial complexity as movements only needed to
be made in the transversal plane. It is well known from the motor control literature that
fewer degrees of freedom in movement reduces task complexity (Bernstein, 1967). In
fact, children with DCD enlist this “strategy” (reduce the degrees of freedom) when faced
with tasks that are a challenge to them or avoided like two-handed ball catching task
(Utley, Steenbergen, & Astill, 2007). Rapid online control tasks with movements in 2D
space have been extensively used in earlier studies (Henis & Flash, 1995; van Sonderen,
et al., 1989). Movement times in our study are longer than those of Hyde and colleagues
(Hyde & Wilson, 2011a, 2011b, 2013; Fuelscher et al. 2015), but comparable to Plumb et
al. 2008. Taken together, we hypothesise that children with DCD show impaired online
control for movements of shorter duration (~ 500-900 ms). But for tasks that are adapted
or simplified (and that entail longer movement durations, ~ 900 – 1500 ms), deficits
in online control are less evident. Our results suggest some modifications to current
theories on DCD generally, and the IMD hypothesis more specifically: results appear
to clarify the task conditions under which children with DCD show deficits in fast online
control, and those conditions where slower feedback processes suffice.
In sum, when comparing our results to those of earlier studies, several intriguing
methodological and paradigmatic factors may explain the differences in findings.
Selecting a DCD group based on less stringent research criteria will tend to reduce
the severity of the DCD sample, and conceal group differences. When more stringent
clinical criteria are used (with strict reference to DSM criteria), differences between
DCD and control group tend to be more pronounced – this effect applies to not only skill
performance, but also the neurocognitive bases of motor control. Another important
factor is the choice of motor screening tests. Use of the MAND will tend to yield a
DCD sample that is more specifically impaired on fine-motor skills, compared with
use of the mABC. This also may influence group comparisons on paradigms that enlist
manual action, like the rapid online control task. Finally, even subtle differences in task
complexity between studies can affect the pattern of deficits observed. Poor predictive
control appears to be more evident for complex task constraints, like the 3D version of
the rapid online control task.
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Collectively, the present study is the first to perform a within subject assessment of
motor imagery, action planning and rapid online control in a group of children that
meet strict DSM-V diagnostic criteria for DCD. There is sufficient evidence to support
the hypothesis that children with DCD are compromised in the ability to enlist internal
modelling as a control solution in the performance of goal-directed or simulated action;
this was evident on motor imagery and action planning tasks. For the rapid online
control task, our results show that even with what appear to be subtle distinctions in
task presentation, complexity, or familiarity can alter the pattern of performance. These
results have important implications for the design and reporting of future neurocognitive
studies of DCD, where precision and systematic variation of these factors is critical to
advance the field. They also underline the specificity in learning that exists in DCD at
the level of motor skill development and motor control. Understanding the nuances of
this effect across the DCD spectrum will contribute valuable insights for theory and the
design of tailored intervention programs.
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Abstract
The present study examined action planning and position sense
in children with Developmental Coordination Disorder (DCD).
Participants performed two action planning tasks, the sword task
and the bar grasping task, and an active elbow matching task to
examine position sense. Thirty children were included in the DCD
group (aged 6-10 years) and age-matched to 90 controls. The DCD
group had a mABC-2 total score ≤ 5th percentile, the control group
a total score ≥ 25th percentile. Results from the sword-task showed
that children with DCD planned less for end-state comfort. On the
bar grasping task, no significant differences in planning for endstate comfort between the DCD and control group were found.
There was also no significant difference in the position sense error
between the groups. The present study shows that children with
DCD plan less for end-state comfort, but that this result is taskdependent and becomes apparent when more precision is needed
at the end of the task. In that respect, the sword-task appeared to
be a more sensitive task to assess action planning abilities, than
the bar grasping task. The action planning deficit in children with
DCD cannot be explained by an impaired position sense during
active movements.
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4.1 Introduction
Action planning is an important feature of daily life and involves behaviour that depends
on learned movement skills (Cohen & Rosenbaum, 2004; Rosenbaum, van Heugten, &
Caldwell, 1996). Action planning with regard to grasping an object can be defined as
the ability to take into account the task demands of the movement and its goal when
first taking hold of the item (e.g., Johnson-Frey, McCarty, & Keen, 2004). Rosenbaum et
al. (1990, 1992, 1993, 1996) have used several object manipulation tasks that evaluate
the type of grip selected by participants (e.g. overhand vs. underhand) when asked to
perform a two-stage task (e.g. grasp-and-turn). In these tasks, adults prefer to make a
less comfortable initial grasp if this allows them to end in a comfortable posture; this is
referred to as the end-state comfort effect. The end-state comfort effect is the tendency
to ensure a comfortable position at the end rather than at the beginning of simple object
manipulation tasks. The advantage of ending in a comfortable posture is that it allows
more precision to be exerted at the end of the task (Short & Cauraugh, 1999). As such, the
grip types employed at the start and end of the task can be used to assess action planning
(Crajé, Aarts, Nijhuis-van der Sanden, & Steenbergen, 2010; Rosenbaum, Meulenbroek,
Vaughan, & Jansen, 2001).
Several studies have examined the end-state comfort effect in adults (e.g.
Cohen & Rosenbaum, 2004; Rosenbaum et al., 2001) and typically developing (TD)
children (Jongbloed-Pereboom, Nijhuis-van der Sanden, Saraber-Schiphorst, Crajé, &
Steenbergen, 2013). The majority of studies showed an increased occurrence of the endstate comfort effect with development (Janssen & Steenbergen, 2011; Stockel, Hughes,
& Schack, 2012; Thibaut & Toussaint, 2010; van Swieten et al., 2010; Weigelt & Schack,
2010). Less efficient planning for end-state comfort, might result from difficulties
with the use of predictive motor control. In children with Developmental Coordination
Disorder (DCD), some studies showed that these children are more likely to select an
initial comfortable grip, instead of planning for end-state comfort (van Swieten et al.
2010; Wilmut & Byrne, 2014).
Children with DCD show motor performance that is substantially below expected
levels, given the child’s chronologic age and previous opportunities for skill learning
(American Psychiatric Association, 2013). A viable hypothesis to explain impaired motor
control in children with DCD, is the internal modelling deficit (IMD) hypothesis (Adams,
Lust, Wilson, & Steenbergen, 2014; Wilson & Butson, 2007). According to the IMD
hypothesis, children with DCD have a reduced ability to use predictive motor control
(Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank, 2013). During action planning
tasks, this predictive motor control (based on information from internal models) is
needed to anticipate the end state of a movement. The present study examined action
planning in children with DCD and a control group by using two grasping tasks. In
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addition, the position sense of children with DCD and a control group were compared,
as this is one major component of proprioception on which an internal model about the
limb position at the end of a movement and subsequent initial grip choice can be built
(Capaday, Darling, Stanek & van Vreeswijk, 2013).
Internal models of movements are constructed in order to provide predictions about the
sensory feedback of a movement and to enhance the processing of sensory information.
When a motor plan is initiated, the motor cortex generates a motor command that is
relayed to the body via descending corticospinal tracts (Tresilian, 2012). An efference
copy of this motor command is generated in parallel as a corollary discharge and relayed
to parieto-cerebellar and parieto-frontal networks (Wolpert, 1997). This efference copy
is used to compose an internal model of the movement, which is used for anticipatory
action planning. During the planning and execution of actions, the left-lateralized
network is chiefly activated in the brain, including parietal and frontal areas and areas of
the ventral stream in addition to the primary sensorimotor areas (Brandi, Wohlschlager,
Sorg, & Hermsdorfer, 2014; Gallivan, McLean, Valyear, & Culham, 2013; Hermsdorfer,
Terlinden, Muhlau, Goldenberg, & Wohlschlager, 2007).
The end-state comfort effect has been examined in children with DCD in four studies
(Noten, Wilson, Ruddock, & Steenbergen, 2014; Smyth & Mason, 1997; van Swieten et
al., 2010; Wilmut & Byrne 2014) but showed conflicting results because some studies
showed an impaired ability to plan for end-state comfort in the DCD group only, while
other studies found no differences between DCD and TD groups. Based on the IMD
hypothesis, we expected that children with DCD would have difficulties with planning for
end-state comfort. They are more likely to select an initial comfortable grip compared
to typically developing children, instead of planning to end in a comfortable position in
which they then finish their goal directed movement more accurately. Smyth and Mason
(1997) showed no difference in grip selection between a DCD and control group, using a
handle rotation task and a bar grasping task in children aged 4-8 years. Similar results
were found in the study of Noten et al. (2014) in which a bar grasping task was used
to assess planning for end-state comfort. Both groups of children (DCD and control),
aged 7-12 years demonstrated an ability to plan their actions according to the end-state
comfort effect. In contrast, van Swieten et al. (2010), found a difference in grip selection
between children with DCD, aged 6-13 years and an age-matched control group. In this
study, a handle rotation task was used and children with DCD were biased towards
selecting the simplest initial movement (minimal rotation) instead of planning for endstate comfort. Wilmut and Byrne (2014) showed that both children and adults with DCD
are able to plan some movements for end-state comfort. In that study, subjects had
to rotate a disc so that an arrow pointed toward a specific target. Task complexity was
increased by increasing the number of targets to be pointed to from 1 to 3. However, in
more complex movements, neither adults with DCD nor children with DCD were able
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to plan for end-state comfort as efficiently as their TD peers. It can be assumed that
the level of task difficulty is an important factor when examining the end-state comfort
effect. The precision hypothesis states that end-state comfort effect should be small or
even absent when precision requirements in the end-state are low (Rosenbaum, et al.,
1996) and it is probable that differences in action planning between DCD and control
are then not elicited. This might explain the differences in findings among studies. Two
often-used action planning tasks in children are the bar grasping task (Crajé, van der
Kamp, & Steenbergen, 2009; Noten et al., 2014) and the sword task (Crajé, Aarts, et al.,
2010; Jongbloed-Pereboom, et al., 2013). Although both tasks appear similar, several
important differences relating to precision are evident. The first difference relates to the
target movement in the sword task, which has to be more precise than in the bar grasping
task, because in the sword task, the fit of the thin blade in the wooden box is tighter than
is the fit of the bar in the cylinder in the bar grasping task. Second, the grip used to pick
up the sword and subsequently reach a comfortable end position requires that the wrist
to be moved in an ulnar abduction pattern (Parsons, 1987), whereas in the bar grasping
task, a fist grip can be used and only pronation and supination of the forearm are needed
while executing the task. Performance on these two action planning tasks by a DCD and
a control group was compared in the present study in order to examine which task is
most sensitive to group differences. We expected that the higher precision demands in
the sword task would elicit more pronounced group differences between the DCD and
control group than in the bar grasping task.
Poor sense of body movement and position has been reported as one of the possible
perceptual factors related to poor motor coordination in children with DCD (Bairstow
& Laszlo, 1981; Coleman, Piek, & Livesey, 2001; Smyth & Mason, 1998b). Children with
difficulties related to proprioception may be affected in the performance of activities
that involve movements in space, or in integrating proprioception with other sensory
information for the planning and control of movement (Jeannerod, 1991). Furthermore,
proprioceptive feedback is considered to be an important training signal for the neural
reorganization underlying learning (Aman, Elangovan, Yeh, & Konczak, 2014). Recently,
Li, Su, Fu, and Pickett (2015) showed that kinesthetic sensitivity was worse in DCD
than in TD children for age groups beyond six years. Others have reported problems in
proprioceptive matching in DCD (Mon-Williams, Wann, & Pascal, 1999; Przysucha, Taylor,
& Weber, 2008; Sigmundsson, Whiting, & Ingvaldsen, 1999; Smyth & Mason, 1998a,
1998b). Mon-Williams and Pascal (1999) argue that establishing precision in cross-modal
judgments may require stability in both the ocular-motor-system and in manual control.
An interesting question is whether less accurate position sense, which is one of the major
inputs for proprioception, might be related to predicting the comfort at the end of a
movement in children with DCD.
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Proprioception includes two components, the sense of stationary position of the limbs
(limb position sense) and the sense of limb movement (kinaesthesia) (Gilman, 2002;
Goble 2010). Kinaesthesia is the perception of body movement from proprioceptive
afferents (Tresilian, 2012). To produce coordinated movements, proprioceptive feedback
is critical in controlling muscle interaction torques (Sainburg, Ghilardi, Poizner, & Ghez,
1995), the timing of limb segments (Cordo, Carlton, Bevan, Carlton, & Kerr, 1994),
movement trajectories and providing input to internal models of limb representation
used in acquisition and adaptation of skilled movement (Kawato & Wolpert, 1998).
Kinesthetic ability continues to develop up to the age of 16 years (Visser & Geuze, 2000).
The experience driven refinement of the internal model is partly based on the use of the
somatosensory feedback during development (Goble, Lewis, Hurvitz, & Brown, 2005).
It can be hypothesized that persons with more accurate proprioception, will build more
precise internal representations of their joint position and are also more aware of an
uncomfortable end-position when not using optimal action planning. More specifically,
persons with a more accurate position sense might be better able to predict whether an
end position of a movement will be comfortable or uncomfortable and will adapt the
start-position of their movement based on this knowledge.
In the present study position sense was examined with an active elbow-matching task,
because detection of active motion is more comparable to situations in daily life than
passive movements. Active movements require a motor response (efferent activity to
muscle spindles) that can also be used to estimate limb position.
The aim of this study was to examine action planning in children with DCD and an
age-matched control group using two action planning tasks that differ in precision
requirements at the end of the task, the sword task (Jongbloed-Pereboom et al., 2013) and
the bar grasping task (Noten et al., 2014). In addition, we examined the position sense in
both the DCD and the control group. Based on the IMD hypothesis, we hypothesized that
children with DCD would plan less for end-state comfort compared to the control group
in trials where anticipatory planning is needed to be able to end comfortably (critical
trials). We expected that in the critical trials, the DCD group would be biased to selecting
the simplest, comfortable initial movement compared to typically developing children,
instead of planning to end in a comfortable position in which they then finish their goal
directed more accurately. By using two action planning tasks that differ in required end
precision, we can examine which task is most sensitive to group differences. Furthermore,
we expected that children with DCD would have a less accurate position sense than the
control group and that a more accurate position sense would be correlated to a higher
proportion of end-state comfort. In addition, we expected that this correlation would be
higher for the sword task, where the precision requirements are higher at the end state,
than for the bar grasping task.
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4.2 Method
4.2.1 Participants
Children were recruited from a primary school in Cape Town, South Africa. To select
participants, we used the same procedure as described in earlier studies (Ferguson,
Aertssen, Rameckers, Jelsma, & Smits-Engelsman, 2014; Ferguson, Duysens, & SmitsEngelsman, 2015). Teachers were asked to assist in identifying children with motor
coordination problems based on their observation of the child in the classroom and
on the playground by highlighting the child’s name on a class roster and returning this
list to the researchers. The four DSM-5 criteria were then used to identify children with
DCD (American Psychiatric Association, 2013). All children who scored at or below the
5th percentile on the Movement Assessment Battery for Children 2nd edition (mABC-2)
(Criterion A), who were identified as having a motor coordination problem by the teacher
(Criterion B), aged 6-10 years (Criterion C), and whose parents reported no diagnosis of
a significant medical condition that could affect motor performance and whose teacher
affirmed the absence of intellectual or cognitive impairment (Criterion D) appeared to
fulfill the criteria for DCD. Through this procedure, 30 children (20 boys, 10 girls) aged
6-10 years (M = 8.53, SD = 1.20) were selected to take part in the study and were agematched with three TD children from the same classes. Hand preference was assessed
using the procedure described in the mABC-2. For children aged 6 years, a pen was
placed on the table in front of the child and the child was asked to write down his/her
name or make a small drawing of a figure (puppet or house). For children aged 7-10 years,
a pen was placed on the table in front of the child, and the child was asked to write down
his/her name on the bicycle trail that was used later on in the mABC-2. Only 2 children
in the DCD group were left-handed. The mABC-2 percentile scores were in the range of
0.1 – 5.0 (Total Test Score 16 – 61, M = 50.93, SD = 8.99).
TD children had: (1) no evidence of functional motor problems as observed by their
teacher, (2) a score at or above the 25th percentile on the mABC-2, (3) no diagnosis of a
significant medical condition as reported by a parent, and (4) absence of intellectual or
cognitive impairment as reported by their teacher. Using this procedure, we included 90
TD children (50 boys, 40 girls) aged 6-10 years (M = 8.03, SD = 1.26). Only three children
in the TD group were left-handed. The mABC-2 percentile scores were in the range of 25
– 99 (Total Test Score 71 – 101, M = 82.56, SD = 7.13).
Testing was conducted at the primary school, in a specially equipped assessment room.
Approval for the study was granted by the University of Cape Town, Faculty of Health
Sciences Human Research Ethics committee (UCT HREC Reference number: 556/2014)
and the designated educational authorities (Western Cape Department of Education
Reference number: 20140610-31073). Informed consent was obtained from all parents
and informed assent was obtained from each child. A team of qualified physiotherapists,
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who had received additional training on the administration of the mABC-2 prior to
commencement of the study, was used to select the children.

4.2.2 Assessments
4.2.2.1 Action planning task – sword task
The sword task is specifically developed to measure action planning in children (Crajé,
Aarts, et al., 2010; Jongbloed-Pereboom et al., 2013). During this task children were
seated on a comfortable chair with their arms resting on the table in front of them.
Children were required to pick up a wooden sword (length 18.0 cm, width 2.0 cm, height
1.2 cm, height of blade: 0.6 cm, handle width 9.5 cm; weight: 39 gram) from the table
and subsequently insert it into the corresponding slot (2.0 x 0.8 cm) of a ‘treasure chest’
(a wooden block of 27.0 cm x 13.0 cm x 13.0 cm). The sword was always presented on a
sheet of paper (30 cm length and 28 cm width) on which six possible sword rotations and
the fixed position of the treasure chest were drawn (Figure 4.1). Four of these six starting
orientations served as the control orientations, and two served as the critical orientations.
In these critical orientations, children needed to sacrifice comfort of the start posture in
order to be able to end the task in a comfortable posture on insertion of the sword into
the slot (Orientations 2 and 3 for right-handed participants, Orientations 5 and 6 for lefthanded participants). Children were instructed to pick up the sword using a whole hand
grip with their dominant hand and subsequently to place it in the corresponding slot of
the treasure chest (Figure 4.1). The experiment always started with a trial that did not
require any sword rotation (Orientation 1). After successful completion of this trial, the
experiment started. Every rotation was repeated three times, resulting in a total of 18
trials, presented in random order. The percentage of comfortable end postures in both
the critical and the control orientations served as the dependent variable of interest.
Test-retest reliability of this task was calculated in a recent study (Jongbloed-Pereboom
et al., 2013) and was shown to be excellent, with an intraclass correlation coefficient (ICC)
of 0.90. Interrater reliability was also excellent with an ICC score of 0.95.

4.2.2.2 Action planning task – bar grasping task
Action planning was also assessed with a bar grasping task (Crajé et al., 2009; Noten et
al., 2014). The children were seated on a chair in front of a square frame. In the middle of
the frame, a bar was placed on a stick. This stick could be rotated by the experimenter.
One end of the bar was colored red and the other end was yellow. The children were asked
to grasp the bar and to place the bar vertically in a circular holder on the table with either
the red or the yellow end downwards (Figure 4.2). Possible orientations of the red end of
the bar were 0, 60, 90, 120, 180, 240, 270 or 300 degrees, which were presented in one of
two predetermined random orders to all participants. The total number of trials was 32
(8 angles x 2 sides x 2 repetitions), preceded by one practice trial. Children were required
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Figure 4.1. - (A) Setup of the action planning task, sword in orientation 3. The sword
orientation with the blade towards the wooden block was designated as orientation 1.
(B) Example of a comfortable end posture.

Figure 4.2. – Setup of the bar grasping task, bar rotated 120 degrees.

to grasp the stick with a power grip, but were free to decide whether they rotated the
stick clockwise or counterclockwise. The children performed all trials with their preferred
hand. Only the end posture of the hand of the child was scored, which could be either
with the thumb upwards (comfortable) or downwards (less comfortable). Eight of the 16
unique trials served as the control orientations, and the other eight trials as the critical
orientations. In these critical orientations, children needed to sacrifice comfort of the
start posture in order to be able to end the task in a comfortable posture for fitting the
bar in the circular holder. For right-handed participants the critical orientations were
0°, 240°, 270° and 300° when the red end had to be put in the holder, and 180°, 60°,
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90°, 120° when the yellow end had to be put in the holder. For left-handed participants
the critical orientations were 0°, 60°, 90°, 120° when the red end had to be put in the
holder, and 180°, 240°, 270° and 300° when the yellow end had to be put in the holder.
The percentage of comfortable postures in both the critical and the control orientations
served as the dependent variable of interest.

4.2.2.3 Position sense
Position sense was examined with a joint position protocol for the elbow (King, Harding,
& Karduna, 2013). The elbow (60° and 120° flexion) was selected for the arm position test
because, during the two action planning tasks, the angle of the elbow joint and wrist
changes. The elbow joint is used more often than the wrist for a joint position protocol
(King, et al., 2013) and a goniometer can be used to assess the degrees of flexion.
Each participant was seated in a chair. The subject’s forearm was held with the elbow
flexed at 90° for the starting position. Before the start of the test, practice trials were
performed without the use of a blindfold to familiarize subjects with the experimental
tasks. Vision was then blocked with a blindfold, to ensure that the subject did not use
visual information to perform the tasks. A goniometer was used to measure the elbow
flexion. A study of Fish and Wingate (1985) has shown that the measurement error with a
standard goniometer is about 3.39 – 4.22 degrees.
There were 2 tasks: (1) contralateral matching, (2) ipsilateral remembered. In the first
task, contralateral matching, the child’s elbow was placed in a certain angle, and the child
was asked to place their other arm in the same position. There were two conditions in this
contralateral matching: (a) reference arm: preferred, matching arm: non-preferred, 60
and 120 degrees flexion (b) reference arm: non-preferred, matching arm: preferred, 60
and 120 degrees flexion. In this task, proprioceptive feedback from the reference arm
was available ‘online’ throughout the task. Participants were asked to verbally confirm
that they had put their elbow in the joint angle that matched the initial angle by saying,
‘Yes, ready’. Then the goniometer was used to measure the elbow angle.
In the second task, ipsilateral remembered, the child’s elbow was placed at a certain
angle. The child was then asked whether they could feel the position of their arm. If this
was confirmed, the arm was first fully flexed and then extended, and the participant was
asked to actively move their arm back into the initial position. In this task there were also
two conditions: (a) reference and matching arm: preferred, 60 degrees and 120 degrees,
(b) reference and matching arm: non-preferred, 60 degrees and 120 degrees. At the end
of each trial participants were required to confirm verbally that they had returned to the
joint angles identical to the earlier position, by saying, ‘Yes, ready’. Then the goniometer
was used to measure the elbow angle.
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4.2.3 Procedure
The mABC-2 was first conducted in a separate session to compose the DCD and control
group. After the children were selected based on the DSM-5 criteria, the two action
planning tasks and the position sense tasks were administered. The children randomly
started either with the bar grasping task or the sword task. The order of the position
sense tasks was also randomized.

4.2.4 Data analysis
All analyses were performed using SPSS version 21. Alpha level was set at 0.05. To
compare action planning ability between the DCD and control group, the percentage
of comfortable end positions in the critical and non-critical trials of the sword task was
compared between DCD and control group with a Mann Whitney U test. In addition, within
groups it was examined whether there was a difference in the percentage of comfortable
end positions between critical and non-critical trials using a Wilcoxon Signed Rank Test.
To determine the relationship between the two action planning tasks, correlations were
calculated between the two action planning tasks: the mean percentage of comfortable
end positions in the critical trials in the sword task and the bar grasping were correlated
using Spearman’s rho because the data was not normally distributed. To determine
whether motor ability is correlated with planning for end-state comfort, the percentage
of comfortable end positions in the critical trials in the sword task and the bar grasping
task were correlated (Spearman’s rho) with the total standard score on the mABC-2.
To examine joint position in both the DCD and control group, the joint angle error
was calculated by subtracting the measured elbow flexion from the reference position in
that trial. Outliers (defined based on the group mean on that trial +/- 3 x SD) (DCD group:
1.25%, control group: 1.53%) were replaced with the mean joint angle error of the group
(DCD or control) for that trial. The children who had outliers on the position sense task
only had one or two joint angle errors defined as outliers, of the eight trials that were
performed by each child. We considered it to be too strict to remove all these cases.
Subsequently, the mean of the joint angle error of the 60° and 120° trials was calculated
for each task and condition, resulting in four joint position errors: (1) contralateral
matching task: (a) reference arm: preferred, matching arm: non-preferred, (b) reference
arm: non preferred, matching arm: preferred arm, (2) ipsilateral remembered task: (a)
reference and matching arm: preferred, (b) reference and matching arm: non-preferred.
A 2 (group) x 2 (task: contralateral matching / ipsilateral remembered) x 2 (reference
limb: preferred/ non-preferred) repeated measures ANOVA was performed to examine
whether the joint angle error differed between groups or between conditions. This
analysis was performed for both relative and absolute position sense error, because
relative position sense errors show whether there was an average under- or overshooting
of position sense, while absolute position sense errors show how large the position sense
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error is regardless of whether it is under- or overshooting. These two analyses were
repeated with the matching arm (preferred/ non-preferred) as the within subjects factor,
instead of the reference arm. In this way, it was examined whether there was a difference
in the accuracy of matching between the preferred and non-preferred arm. Additionally,
the mean percentage of comfortable end positions in the critical trials for the sword
task and the bar grasping task were correlated (Spearman’s rho) with the position sense
error in each task and condition. Finally, to examine whether motor abilities are related
to the performance on the position sense task, the position sense error in each task
and condition was correlated with the total standard score on the mABC-2 using the
Spearman’s rho correlation.

4.3 Results
4.3.1 Action planning task – sword task
A Mann Whitney U test revealed that, in the critical trials, the control group (M = 81.11%)
ended more often in a comfortable end position than the DCD group (M = 66.11%), median
DCD = 83.33%, median control = 100%, U = 1024.00, p = 0.025, r = -0.21. In the non-critical
trials, the median percentage of trials where participants ended in a comfortable way, did
not differ between the DCD (M = 83.89%) and control group (M = 84.17%), median DCD
= 95.83%, median control = 91.67%, U = 1356.00, p = 0.928, r = -0.03. In the DCD group,
there was a trend that the percentage of trials where participants ended in a comfortable
way, was higher in non-critical trials than in critical trials, Z = -1.954, p = 0.051, r = 0.01. In
the control group, there was no significant difference in the percentage of trials, where
participants ended in a comfortable way, between critical and non-critical trials (p = 0.71).

4.3.2 Action planning – bar grasping task
Using the bar grasping task, no significant difference in the percentage of comfortable
end positions in critical trials was detected between children with DCD (M = 45.83%) and
control group (M = 44.93%), median DCD = 37.50%, median control = 43.75%, U = 1344.50,
p = 0.973, r = -0.003. There was a trend that the control group (M = 86.04%) ended more
often in a comfortable end position than the DCD group (M = 80.63%) in the non-critical
trials, median DCD = 84.38%, median control = 87.50%, U = 1050.00, p = 0.065, r = -0.17.
In both groups the percentage of comfortable end positions was significantly higher in
the non-critical trials than in the critical trials (DCD group: Z = -4.070, p < 0.001, r = -0.37,
control group: Z = -7.702, p < 0.001, r = -0.70).
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4.3.3 Correlation between action planning tasks and correlation with
mABC-2
The correlation between the two action planning tasks was calculated for the DCD and
control group separately to examine the concurrent validity between the two tasks. No
significant correlation was found between the percentage comfortable end positions in
the critical trials in the sword task and the bar grasping task for either the DCD group
(Spearman’s rho= 0.30, p = 0.11) or the control group (Spearman’s rho = 0.16, p = 0.13).
Also in non-critical trials, there was no significant correlation between the Z- score of
the percentage comfortable end positions in the sword and the bar grasping task for
either the DCD group (Spearman’s rho = 0.17, p = 0.38) or the control group (Spearman’s
rho= 0.063, p = 0.56).
The correlation between the percentage comfortable end positions in the critical trials
of the sword task and the total standard score on the mABC-2 was determined (DCD and
control group combined). There was a trend that children with a higher total standard
score on the mABC-2, had a higher percentage of planning for end-state comfort in critical
trials of the sword task (Spearman’s rho= 0.18, p = 0.054). The percentage comfortable
end positions in the critical trials of the bar grasping task and the total standard score on
the mABC-2 was not correlated (Spearman’s rho = 0.037, p = 0.69).

4.3.4 Position sense
The 2 (groups) x 2 (task) x 2 (reference limb) repeated measures ANOVA showed no
significant difference in relative position sense error between groups (p = 0.77). Results
showed that the position sense error was larger in the contralateral matching task, than
in the ipsilateral remembered task, F (1, 118) = 20.97, p < 0.001, η2 = 0.15. There was no
significant difference in position sense error when the preferred (task 1a and 2a) or the
non preferred arm was used as the reference arm (1b and 2b), p = 0.98. No significant
interactions were found. When we repeated this ANOVA and defined the preferred or nonpreferred arm based on the matching arm, we again did not find any significant differences
between the preferred matching arm (task 1b and 2a) and the non-preferred matching
arm (task 1a and 2b), p = 0.68. No significant interactions were found in this analysis. The
relative position sense errors in all four conditions are displayed in Figure 4.3.
When examining the absolute position sense errors in the 2 (groups) x 2 (task) x 2
(reference limb) repeated measures ANOVA there was again no significant difference
between groups (p = 0.63). The results showed that position sense error was significantly
larger in the contralateral matching task than in the ipslateral remembered task, F (1,118)
= 12.36, p = 0.001, η2 = 0.095. There was no significant difference in position sense error
when the preferred (task 1a and 2a) or the non preferred arm was used as the reference
arm (1b and 2b), p = 0.44. There were no significant interactions. When we repeated this
ANOVA and defined the preferred or non-preferred arm based on the matching arm, we
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again did not find any significant differences between the preferred matching arm (task
1b and 2a) and the non-preferred matching arm (task 1a and 2b), p = 0.46. No significant
interactions were found in this analysis. The absolute position sense errors in all four
conditions are displayed in Figure 4.4.

Figure 4.3. – Position sense error. R = reference arm, M = Matching arm. 1A: Contralateral
matching - reference arm: preferred, matching arm: non-preferred, 1B: Contralateral
matching - reference arm: non-preferred, matching arm: preferred, 2A: Ipsilateral
remembered - reference and matching arm: preferred, 2B: Ipsilateral remembered - reference
and matching arm: non-preferred. Error bars represent 95% CI.

Figure 4.4. – Absolute position sense errors. 1A: Contralateral matching - reference arm:
preferred, matching arm: non-preferred, 1B: Contralateral matching - reference arm: nonpreferred, matching arm: preferred, 2A: Ipsilateral remembered - reference and matching
arm: preferred, 2B: Ipsilateral remembered - reference and matching arm: non-preferred.
Error bars represent 95% CI.
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There were no significant correlations (Spearman’s rho) between the percentage of
comfortable end positions in the critical trials in either the sword or the bar grasping task
and the position sense error for both tasks and conditions. Also, the absolute position
sense error for both tasks and conditions did not correlate with the percentage of
comfortable end positions in the sword task or bar grasping task. The correlations were
in the range of Spearman’s rho = -0.143 to Spearman’s rho = 0.162).
To examine whether motor abilities are related to the performance on the position
sense task, the position sense error in each task and condition was correlated with the
total standard score on the mABC-2. No significant correlations were found, either
between the total standard score and the relative position sense error (range of the
correlation Spearman’s rho = -0.064 to Spearman’s rho = 0.073) nor between the total
standard score and the absolute position sense error (range of the correlation Spearman’s
rho = -0.117 to Spearman’s rho = 0.024).

4.4 Discussion
The aim of our study was to examine action planning in children with DCD, using two
often-used tasks in children, the sword task (Jongbloed-Pereboom et al., 2013) and
the bar grasping task (Noten et al., 2014). In addition, the position sense of children
with DCD and a control group was tested using an active elbow matching task. Results
showed that children with DCD planned less for end-state comfort in the critical trials of
the sword task, compared to the control group. However, using the bar grasping task,
no significant differences in the percentage of comfortable end positions in critical trials
was detected between the DCD and control group. Results showed that the correlation
between the two action planning tasks was not significant for either the DCD or the
control group. In addition, we examined whether children with DCD had a less accurate
proprioception. Position sense is one of the inputs for proprioception and proprioceptive
feedback is critical in providing information for internal models of limb representation
(Kawato & Wolpert, 1998). The results of the current study showed that in an active
elbow matching task, there was no difference in relative and absolute position sense
error between children with DCD and the control group. Collectively, our results provide
evidence for an action planning deficit in children with DCD and that this deficit is task
dependent. These results confirm the IMD hypothesis, because during action planning
tasks predictive motor control is needed to anticipate the end state of a movement.
Moreover, this action planning deficit in children with DCD could not be explained by
an impaired position sense during active movements. Below we will elaborate on these
findings, and compare these findings with earlier studies.
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The end-state comfort effect has been examined in children with DCD in four studies
(Noten et al., 2014; Smyth & Mason, 1997; van Swieten et al., 2010; Wilmut & Byrne,
2014) but it has revealed conflicting results. The severity of DCD seems an important
factor when comparing the results of these studies. In the studies of Noten et al. (2014)
and Smyth and Mason (1997) the DCD group was recruited from primary schools, and
cut-off scores on a motor ability test (MAND and mABC-2 respectively) < 15th percentile
were used. In addition, these studies did not perform a check for DSM-IV criterion B
(interference of motor problems with daily life or academic achievement) or criterion
C (motor problems not explained by a medial/neurological disorder). Both studies did
not find a difference in end-state comfort planning between the DCD and control group.
Van Swieten et al. (2010) and Wilmut and Byrne (2014) studied a DCD population that
scored < 5th percentile on the mABC-2 and recruited children from a hospital or via local
Dyspraxia Foundation groups and support groups. In addition, both studies checked for
all four DSM-IV criteria in the DCD group. Both van Swieten et al. (2010) and Wilmut and
Byrne (2014) showed that on complex tasks, children with DCD were not able to plan for
end-state comfort as efficiently as their peers. This corroborates with our finding that
task complexity is an important factor when examining action planning in children with
DCD. In the current study, children with DCD planned less for end-state comfort in the
sword task, but not in the bar grasping task. In the sword task, the target movement
has to be more precise than in the bar grasping task. In the sword task, the sword has a
tighter fit into the wooden box, than bar in the cylinder in the bar grasping task.
The present study further showed that although the sword and bar grasping tasks
have both been used independently to measure action planning ability (e.g. Crajé, Aarts,
et al., 2009; Jongbloed-Pereboom et al., 2013), results on both tasks differ. In the present
study, the correlation between the outcome measures of both tasks was not significant
indicating that both methods are not interchangeable but may measure different levels
of action planning. Specifically, the sword task appeared to be more a more sensitive
task to detect action planning differences between a DCD and control group, most likely
because in the sword task the target movement has stricter end precision demands. As
an additional factor, in critical orientations of the sword task the hand needs to be moved
into a lateral position, which demands an ulnar deviation in the wrist, an orientation
that is perceived as less comfortable (Parsons, 1987). A limitation of the present study
is that we had a limited number of critical trials in the sword task and the bar grasping
task. In future studies, the number of trials could be expanded, to restrict the individual
variability on the percentage of trials that ended in end-state comfort and to be able to
examine whether DCD and control groups improve planning for end-state comfort.
The current study added to the current literature by showing that the action planning
deficit in children with DCD cannot be explained by an impaired position sense during
active movements. Bairstow and Laszlo (1981) showed that kinaesthetic sensitivity to
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passive movement of the upper limbs correlated with motor functions involving fine
manual control, as well as with co-ordinated gross body movements. In 1983 Laszlo
and Bairstow showed that kinaesthetic training could help to improve motor control.
However, Sims, Henderson, Hulme and Morton (1996) were unable to replicate this
finding. Recently, Li et al. (2015) showed that kinaesthetic sensitivity was worse in DCD
than in TD children for age groups beyond six years of age. Bairstow and Laszlo (1981)
and Li et al. (2015) examined the detection of passive motion, while active movements
were used to examine joint position sense in the current study. Li et al. (2015) argue that a
true index of kinaesthetic sensitivity should avoid requiring a motor response as this may
confound the measure. Passive motion reflects the processing of external feedback (i.e.
the peripheral transmission of proprioceptive signals and a cortical activation of regions
in the contralateral somatosensory cortex (Radovanovic, et al. 2002). Nonetheless,
the detection of active motion is more comparable to movements in daily life. Hillier,
Immink, and Thewlis (2015) reviewed the different assessments of proprioception and
determined that the inputs for active joint position detection are mainly activity of
muscle spindles resulting from both afferent and efferent activity, skin stretch receptors
and joint receptors (limit detectors). Active matching methods reflect the processing of
external sensory feedback plus an array of underlying sensorimotor processes (because
the active motion required to match a target position produces a second sensory source,
called internal or predicted sensory feedback (Evarts, 1971; Sciutti, et al. 2010). During
active movements, more sources of information (e.g. efference copy of motor command)
are available to determine the limb position, and it may be speculated that that children
with DCD are better able to compensate for an impaired input from one of the sensors
than in a passive matching task.
The present study showed that the position sense error was larger in the contralateral
matching task than in the ipsilateral remembered task. This confirms findings of
previous studies (Goble & Brown, 2009; Goble et al., 2005). The contralateral matching
task requires greater interhemispheric communication compared with the ipsilateral
remembered task (Goble, 2010). In the contralateral matching task, proprioceptive
information from the reference limb is directed to the primary somatosensory region of
the cerebral cortex in the contralateral hemisphere. This information must then cross the
corpus callosum, which appears to be implicated as an underlying deficit in some DCD
studies (Sigmundsson, 2003; Sigmundsson, Ingvaldsen, & Whiting, 1997), before it can
be used to initiate a motor response of the matching arm based on the proprioceptive
information of the reference limb (Goble, 2010). In the present study, we did not find
any differences between groups on the contralateral matching task, which may indirectly
suggest that interhemispheric communication was not a constraint in this task for the
DCD group. In the ipsilateral remembered task, it is necessary for participants to use
memory in order to match the target position accurately. Therefore, some proportion
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of the matching error measured might reflect cognitive or memory deficits, rather than
a decrease in proprioception itself (Goble, 2010). Although working memory problems
have been reported in DCD (Alloway & Archibald, 2008), we did not find any significant
differences between the DCD and control group. A possible explanation for this is that
visuo-spatial working memory tasks are purposely designed to load on working memory.
The load on working memory in our ipsilateral remembered task is minimal, which
probably explains why no differences between the DCD and control group were elicited.
Again, children with DCD did not seem to pay less attention to the task, because the
position sense error was in the range of five to ten degrees, which was similar to typically
developing children and to values reported in earlier studies in children and adolescents
(Goble et al., 2005).
Results of the present study showed no significant difference in position sense error
when the preferred or the non-preferred arm was used as the reference arm in both
the contralateral matching and the ipsilateral remembered task. This is in accordance
with previous studies of the upper extremity using an ipsilateral remembered protocol
(Carson, Elliott, Goodman, & Dickinson, 1990; Chapman, Heath, Westwood, & Roy, 2001;
Imanaka, Abernethy, Yamauchi, Funase, & Nishihira, 1995; Voight, Hardin, Blackburn,
Tippett, & Canner, 1996). In contrast, Goble and colleagues argued that there is a
proprioceptive matching advantage for the non-dominant limb (Goble & Brown, 2008,
2009). That is, the preferred arm often relies on visual feedback for the fine manipulation
of objects, while the non-preferred arm is often held outside of visual attention, where it
must rely on proprioceptive feedback to perform tasks (Goble, 2010). While there appear
to be asymmetries in the neural control and specialization of the dominant and nondominant upper extremities (Duff & Sainburg, 2007; Przybyla, Coelho, Akpinar, Kirazci,
& Sainburg, 2013; Sainburg, 2002), as described in the dynamic-dominance hypothesis
(Sainburg, 2002), King et al. (2013) suggested that these differences cannot be explained
by differences in either the accuracy or variability of proprioception.
The finding that children with DCD perform poorer on action planning but not on
position sense does not allow us to differentiate if their problems are mainly related to
the maintenance of internal representations of goal-directed or related to the online
control of action using the internal model. As a speculation, we argue that the position
sense of children with DCD is accurate enough, but they may need a larger sensory
discrepancy between predicted and actual sensory feedback to generate an error signal
used for adaption of the internal model. And even if the sensorimotor discrepancy is
large enough to generate an error signal and an ensuing adaptation, the rate of learning
may be different in children with DCD (Gomez & Sirigu, 2015).
In sum, the present study showed that position sense during an active movement in
children with DCD is not impaired compared to control children. An important avenue
for future studies is to focus on the duration of matching in the position sense task. This
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was not measured in the present study. Probably, children with DCD are able to match
elbow position as accurately as controls, but based on the results of this study we do not
know whether the children with DCD took more time to perform the matching task. In a
study by van Roon, Steenbergen, and Meulenbroek (2005) it was shown that when vision
was obscured in a drawing task, the accuracy of the movement was similar for children
with cerebral palsy and TD controls. People with cerebral palsy are known to rely heavily
on visual guidance when making targeted upper-limb movements (Steenbergen, 2000;
Steenbergen & van der Kamp, 2004; Trombly, 1992). However, children with cerebral
palsy compensated for the lack of visual information, by extending movement time.
It would be interesting to find out whether children with DCD adopt a similar strategy
during a position sense task in which vision is occluded. If children with DCD do adopt a
similar strategy, this would support the idea that children with DCD rely more on visual
feedback during the execution of movements than their TD peers.
A better understanding of kinaesthetic development in children with DCD and TD
children could help to determine the neurological networks that underlie the impaired
motor skills in DCD. Three neuro-anatomical regions have been proposed as possible
foci for the aetiology of DCD: (1) cerebellum (Debrabant, Gheysen, Caeyenberghs, Van
Waelvelde, & Vingerhoets, 2013; O’Hare & Khalid, 2002; Van Waelvelde et al., 2006) (2)
parietal cortex (Kashiwagi, Iwaki, Narumi, Tamai, & Suzuki, 2009; Zwicker, Missiuna,
Harris, & Boyd, 2011), and (3) basal ganglia networks (Groenewegen, 2003; Li et al, 2015).
Evidence of deficits in postural control and impaired predictive motor timing observed
in DCD (Debrabant et al., 2013; Fong, Tsang, & Ng, 2012; Geuze, 2005), support the
cerebellar hypothesis whereas evidence of impaired online control and impaired crossmodal transformation (Hyde & Wilson, 2011a; Kashiwagi et al., 2009), supports the
parietal network hypothesis. The basal ganglia network hypothesis is supported by the
perceptual deficits, sensorimotor coordination and motor learning deficits (Gheysen,
Van Waelvelde, & Fias, 2011; Smits-Engelsman, Niemeijer, & van Galen, 2001; Li et al
2015 ). The results of the present study do not support basal ganglia network hypothesis,
because no perceptual deficit (position sense) was found in DCD. Action planning deficits
were apparent in the DCD group when using the sword task. As the parietal cortex is
known to be important in action planning (Chapman et al., 2002; Ruby, Sirigu, & Decety,
2002), and is critical to sensory-motor transformations involved in online manual actions,
our results partially support the parietal network hypothesis. Importantly, given the
heterogeneity of individuals with DCD, Zwicker, Missiuna, Harris, and Boyd (2010) already
indicated that the aetiology of DCD is not limited to a single brain area or network. They
rather suggested that multiple brain regions should be considered that can contribute to
the motor incoordination seen in DCD. A hypothesis in cognitive neuroscience that may
explain the development of function in DCD concerns interactive specialization (Johnson,
2011). This hypothesis states that new behavioural competencies during infancy will be
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associated with changes in activity over several regions (networks), and not just the onset
of activity in one or more additional region(s). The individual growth trajectories of brain
regions may differ in developmental time. Ruddock et al. (2015) support the hypothesis
that children with DCD have particular difficulty coupling executive control (i.e. response
inhibition) to online control during goal-directed action, particularly during younger and
middle childhood. These studies support the view that multiple brain regions or networks
should be considered when examining the motor problems seen in DCD.
In conclusion, the results of the present study provide new information regarding the
action planning abilities of children with DCD, and its relation with position sense. The
present study shows that children with DCD plan less for end-state comfort, but that this
result is task-dependent and becomes apparent when more precision is needed at the
end of the task. In that respect, the sword-task appeared to be a more sensitive task to
assess action planning abilities than the bar grasping task. The result that children with
DCD plan less for end-state comfort, confirms the IMD hypothesis. The action planning
deficit in children with DCD cannot be explained by an impaired position sense during
active movements.
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Abstract
Children with impaired motor coordination (or Development
Coordination Disorder - DCD) have difficulty with the predictive
control of movements, evidenced by cross-sectional studies that
show impaired motor imagery and action planning abilities. What
remains unclear is whether this deficit in predictive control reflects
immaturity of the motor system (a developmental delay) or some
deviation from normal development (a disorder). To advance this
discussion the present study used a longitudinal design to examine
the development of motor imagery and action planning in children
with DCD. Thirty children were included in the DCD group (aged
6-11 years) and age- and gender-matched to 30 controls. The DCD
group had a mABC-2 score ≤ 16th percentile, the control group
> 20th percentile. Motor imagery was assessed with the hand
rotation task, action planning with a test for end-state comfort.
Children participated in three measurements, with one year in
between measurements. Results showed that children with DCD
were slower and less accurate than their typically developing
peers in all subsequent years but were able to improve their motor
imagery ability over time. Furthermore, children with DCD showed
less planning for ESC at the start of the present study, but were
able to catch up with their peers during two-year follow up. These
results exemplify that improvement of motor imagery and action
planning ability is possible in DCD, and they lend theoretical
support to the use of new training techniques that focus on training
motor imagery to improve motor skills in children with DCD.
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5.1 Introduction
Children with Developmental Coordination Disorder (DCD) show impaired motor abilities,
in the absence of an identifiable developmental or neurological impairment (DSM-V –
American Psychiatric Association, 2013). A prominent hypothesis about the aetiology
of DCD is the internal modelling deficit (IMD) hypothesis (Wilson, & Butson, 2007;
Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank, 2013). In two recent systematic
reviews, an underlying deficit in motor control and learning was linked specifically to the
predictive control of movements (Adams, Lust, Wilson, & Steenbergen, 2014; Wilson et
al., 2013). Predictive control is thought critical to the production of fluid, well-coordinated
and efficient movements because it enables the performer to make online adjustments
based on forward estimates of limb position (Flanagan, Vetter, Johansson, & Wolpert,
2003; Shadmehr, Smith, & Krakauer, 2010). What remains unclear in DCD is whether this
deficit in predictive control reflects immaturity of the motor system (a developmental
delay) or some deviation from normal development (a disorder) (Hyde & Wilson, 2013).
Evidence so far, mainly gathered from cross-sectional studies, has been equivocal. While
some studies supported the developmental delay model by showing similarities between
the performance of children with DCD and younger typically developing children (Hyde
& Wilson, 2013; Wann, Mon-Williams, & Rushton, 1998; Wilmut, Brown, & Wann, 2007),
other studies support a deviance hypothesis by showing performance similarities between
DCD and adults with lesions of parietal and/or cerebellar networks (Katschmarsky,
Cairney, Maruff, Wilson, & Currie, 2001; Williams, Thomas, Maruff, Butson, & Wilson,
2006; Wilson et al., 2004; Wilson, Maruff, Ives, & Currie, 2001). To advance this discussion
the present study used a longitudinal design to examine the development of predictive
control in children with DCD. A longitudinal design is a method par excellence to track
developmental changes over time within the same individual (Shadish, Thomas, &
Campbell, 2002; Wohlwill, 1970, 1973).
Two aspects of predictive control are motor imagery and anticipatory action
planning. First, motor imagery involves the mental rehearsal or simulation of a motor
task in the absence of overt movement (Decety, 1996a; Sirigu et al., 1995). A commonly
used paradigm is the mental rotation paradigm in which laterality judgments of limb
stimuli are made (e.g., left or right hands) displayed at different angles of rotation, and
from different viewpoints as well (e.g. back vs. palm view). For limb-related stimuli,
use of motor imagery is inferred when the biomechanical constraints of the simulated
movement are reflected in the pattern of response time or error data. For example,
for laterally orientated stimuli response times are longer than for medially orientated
(Parsons, 1994; ter Horst, van Lier, & Steenbergen, 2010). Second, anticipatory action
planning can be defined as the ability to take into account the demands of a given task
and its ultimate goal when first manipulating an object (e.g. Johnson-Frey, McCarty,
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& Keen, 2004). Adults prefer a less comfortable initial grasp if it allows a comfortable
end posture (e.g. Rosenbaum et al., 1990; Rosenbaum, vanHeugten, & Caldwell, 1996)
referred to as the end-state comfort effect. The grip types used at the start and end of
the task can be used to assess action planning (Crajé, Aarts, Nijhuis-van der Sanden, &
Steenbergen, 2010; Rosenbaum, Meulenbroek, Vaughan, & Jansen, 2001).
Deficits in predictive control in children with DCD are evident across many studies
(reviewed in Adams et al., 2014; Wilson et al., 2013). Earlier studies showed that children
with DCD are able to use motor imagery (as evidenced by increased reaction times to
laterally rotated compared with medially rotated hand stimuli), but are slower and less
accurate than their typically developing peers (e.g. Adams, Lust, Wilson, & Steenbergen,
2017; Deconinck, Spitaels, Fias, & Lenoir, 2009). Evidence on the nature of age-related
changes in motor imagery in DCD is more limited; however, some work suggests that
subtle deficits persist into early adulthood (Hyde et al., 2014). On tasks assessing online
motor control, there is evidence of development delay in DCD, both in cross-sectional
studies (Hyde & Wilson, 2013) and in longitudinal modelling (Ruddock et al., 2016).
Longitudinal studies on motor imagery and anticipatory action planning in children with
DCD are currently lacking. Longitudinal designs of motor imagery and action planning
are needed to clarify patterns of change with age, including intra-individual development
(Wohlwill, 1970, 1973). Such data will provide a strong test of the delay hypothesis of
DCD, which has important implications for motor intervention, especially the timing of
promising techniques like motor imagery training (Wilson et al., 2016; Wilson, Thomas, &
Maruff, 2002).
The aim of this study was to use a longitudinal design to examine age-related changes
on different aspects of predictive control in children with DCD, informing developmental
models of the disorder. We studied the development of motor imagery and action
planning in 60 children aged 6 to 11 years (30 with DCD) over a two year period, with three
measurement occasions. Motor imagery was examined using the hand rotation task, an
implicit measure of motor imagery that is also used in developmental studies (Spruijt,
van der Kamp, & Steenbergen, 2015b). The hand rotation task is considered an implicit
measure of motor imagery, because no explicit instructions to use motor imagery are
given to the participants. Action planning was examined using the sword task, a task that
was validated in children (Crajé, Aarts, et al., 2010; Jongbloed-Pereboom, Nijhuis-van
der Sanden, Saraber-Schiphorst, Craje, & Steenbergen, 2013). A developmental delay is
inferred when the rate of age-related changes is similar between DCD and control groups
or when the former show evidence of catch up, even if the absolute level of performance
differs. A deviant pattern of development is indicated when the rate of age-related
change is reduced in DCD or when children with DCD use different task strategies than
controls. Based on current cross sectional studies (Fuelscher, Williams, Enticott, & Hyde,
2015; Hyde et al., 2014) and the results of the longitudinal modelling on online control
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(Ruddock et al., 2016) we hypothesized children with DCD to show a developmental
delay in motor imagery and action planning skills.

5.2 Methods
5.2.1 Participants
A total of 60 children participated in this study, aged 6 to 11 years during the first
measurement (T0). Thirty children (23 boys) met the DSM-V diagnostic criteria for DCD.
The 30 control children were gender and age-matched (+/- 4 months). Mean age for the
DCD group was 8.87 years (SD = 1.40), and 8.85 years (SD = 1.40) for the control group
at T0. Two children in the DCD group and four children in the control group were lefthanded, all other children were right-handed. Handedness was assessed by performing
the manual tasks of the mABC-2, and confirmed by parent report on the health
questionnaire.
The DCD group was recruited through paediatric physical therapists and via an
advertisement on a website for parents of children with DCD. In the first year 33 children
with DCD participated, gender and age-matched to 33 controls (this population is
elaborately described in Adams, et al., 2017). In subsequent years, 30 children with DCD
were able to participate at all three time points, and gender and age- matched to 30
controls. All children with DCD children met the following inclusion criteria, consistent
with DSM-V: (1) mABC-2 (Dutch translation - Smits-Engelsman, 2010) total percentile
score ≤ 16th (criterion A DSM-V); (2) treated for a motor coordination problem by a
paediatric physical therapist, the impact of motor issues on daily activities confirmed
by parent report on the DCDQ (Dutch translation; Schoemaker, Reinders-Messelink, &
de Kloet, 2008 - criterion B DSM-V); (3) onset of DCD in early development, confirmed
by parent report (Criterion C DSM-V); (4) IQ > 70. If children attended regular primary
education and had not been diagnosed with a learning disorder, an IQ > 70 was inferred.
When children attended special education, IQ was verified by records held by parents
(criterion D DSM-V), and (5) no visual impairments or neurological conditions that could
affect their motor abilities, verified using a health questionnaire (criterion D DSM-V).
Three children in the DCD group had a diagnosis ADHD and were excluded, along with
their age-matched controls. This yielded a total of 27 children in each group. The mABC2 percentile scores of the DCD group were in the range of 0.1-16.0 (Total Test Score
M =50.63, SD =14.22).
The control group was recruited from two mainstream primary schools. Control
children were included if they had a mABC-2 total percentile score > 20th and IQ > 70
(inferred as per the DCD group). The mABC-2 percentile scores were in the range of 25 –
98 (Total Test Score M =81.41, SD = 7.28).
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5.2.2 Experimental tasks
During both experimental tasks, participants were seated on a comfortable chair with
their arms resting in front of them.

5.2.2.1 Motor imagery
For the hand rotation task, stimulus presentation and data recording was programmed
using PresentationTM software (Neurobehavioral Systems, Albany, CA, USA). Stimuli
were presented on a 14-inch laptop screen, placed 60 cm in front of the participants at
chest height. Participants hands were placed palm-down on separate response buttons,
with vision of the hands occluded by a towel. Participants were asked to determine
whether each presented stimulus was a left or a right hand by pressing the corresponding
button. The stimuli were custom-made 3D hand stimuli (length of hand stimuli on screen
was 9 cm), designed in a 3D image software package (Autodesk Maya 2009, San Rafael,
CA, USA). Stimuli were presented in six different orientations, starting at 0° (fingers
pointing up) and rotated clockwise to 60°, 120°, 180°, 240° and 300°, for both left and
right hand stimuli. This resulted in a total of 12 different stimuli in back view (block 1) and
12 different stimuli in palm view (block 2). Stimuli were presented in a random order, and
every stimulus was presented three times, resulting in 36 stimuli per block. Every block
was preceded by 18 practice trials. Outcome measures were reaction time (RTs) – time
between appearance of the hand stimulus and button press – and number of response
errors.

5.2.2.2 Action planning
Action planning was assessed with the sword task, specifically developed to measure
action planning in children (Craje et al., 2010). The sword was composed of light timber
(length 18.0 cm, width 2.0 cm, height 1.2 cm, handle length 9.5 cm), as was its receptacle
or “treasure chest” (a wooden block of 27.0 cm x 13.0 cm x 13.0 cm with 2.0 x 0.8 cm hole).
The sword was always presented on a sheet of paper (30 cm length and 28 cm width)
on which six possible sword orientations and the fixed position of the treasure chest
were drawn (Figure 5.1). Four of these six starting orientations served as the control
orientations, and two served as the critical orientations. In these critical orientations,
children needed to sacrifice comfort of the start posture in order to be able to end the
task in a comfortable posture on insertion of the sword into its slot (Orientations 2 and 3
for right-handed participants, Orientations 5 and 6 for left-handed participants). Children
were instructed to pick up the sword using a whole hand grip with their dominant hand
and subsequently place it in the slot of the treasure chest. The experiment started with a
trial that did not require any sword rotation (Orientation 1). After successful completion
of this trial, the experiment started. Every rotation was repeated three times, resulting
in a total of 18 trials, presented in random order. The dependent measure was the
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percentage of comfortable end postures in both the critical and the control orientations.
Test-retest reliability of this task is very high, with an intraclass correlation coefficient
(ICC) of 0.90. Interrater reliability is also excellent with an ICC score of 0.95 (JongbloedPereboom et al., 2013).

Figure 5.1. - (A) Setup of the action planning task, sword in orientation 3. The sword
orientation with the blade towards the wooden block was designated as orientation 1.
(B) Example of a comfortable end posture.

5.2.3 Procedure
Approval for the experiment was obtained from the local Ethical Committee (Registration
number: 2013-1405-110a1). The parents of all participants signed a written informed
consent prior to the study, and were asked to fill in the DCD-Q (Dutch translation Schoemaker et al., 2008), the ADHD questionnaire (Scholte, 2004), and a questionnaire
concerning the health of their child. The ADHDQ measured the main symptoms of ADHD
(attention, hyperactivity, impulsivity). All participants performed the experimental tasks
in the same order (1) hand rotation task, (2) sword task. The mABC-2 was assessed after
the experimental tasks, and a break was provided in between the experimental tasks and
the mABC-2 to prevent fatigue. Children needed 40 minutes to complete all tasks. Both
experimental tasks and the mABC-2 were repeated at measurement occasion T1 and T2.

5.2.4 Data analysis
All analyses were performed using SPSS version 21. Alpha level was set at 0.05.

5.2.4.1 Questionnaires
Total score on the DCD-Q at T0 were compared between the DCD and control group with
a Mann Whitney U-test.
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5.2.4.2 Motor imagery
Mean response times (RTs) and number of errors were calculated for each angle of
rotation and for each condition. Anticipatory responses (< 250 ms) and RTs showing an
abnormal delay (> 3.0 SDs above mean RT per condition per individual) were removed
from analysis: 1.78% and 2.06% for back view stimuli for DCD and control group,
respectively, and 2.28% and 2.37% for palm view. In addition, only children that had at
least half of all trials (≥ 18 trials) correct at T0 were included in the analysis: for back view,
25 DCD and 27 control, and for palm view, 23 DCD and 27 control.
The RTs of lateral and medial orientated stimuli were compared with a 2 (lateral/
medial) x 3 (measurement occasion) x 2 (group) repeated measures ANOVA to be able
to analyze also the difference between lateral and medial orientated stimuli. Because
the number of errors were not normally distributed, we used a Mann Whitney U test
to compare the number of errors at each measurement occasion. To compare change
trajectories in the number of errors, we used the difference in number of errors between
T2 and T0 (T2-T0) and compared these scores between the DCD and control group
with a Mann Whitney U test. Analyses were performed for back and palm view stimuli
separately.

5.2.4.3 Anticipatory action planning
Because the proportion of comfortable end positions was not normally distributed, we
used a Mann-Whitney U tests to compare the proportion of trials ended in a comfortable
posture between children with DCD and controls at each measurement occasion. To
compare change trajectories in anticipatory action planning over time for each group,
we used the difference in proportion of comfortable end positions between T2 and T0
(T2 – T0) and compared these scores between the DCD and control group with a Mann
Whitney U test.
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5.3 Results
5.3.1 Questionnaires
Total scores on the DCD-Q at T0 were lower for the DCD group (median = 38.0) than
the control group (median = 67.0), U = 25.50, p < 0.001, r = -0.80. Total scores on the
ADHDQ at T0 were higher for the DCD group (median = 22.0) than for the control group
(median = 9.0), U = 161.0, p < 0.001, r = -0,48.

5.3.2 Motor imagery
We hypothesized that both groups would have longer RTs for lateral than for medial
orientated stimuli which would signify the use of motor imagery. Furthermore, based
on the hypothesis of a developmental delay we expected that the DCD group would
show longer RTs at T0, but that both groups would show a similar decrease of RT over
time. RTs for both back and palm view stimuli were not normally distributed, and were
therefore log10 transformed.
For back view stimuli, the 2 (lateral/medial) x 3 (measurement occasion) x 2 (group)
repeated measures ANOVA showed that there was a trend that the DCD group performed
the hand rotation task slower than the control group, F (1,50) = 3.99, p = 0.051, η2 = 0.074.
RTs to lateral orientated stimuli were longer than for medial orientated stimuli, in both
groups, F (1,50) = 34.407, p < 0.001, η2 = 0.408. In addition, in both groups the RTs for both
lateral and medial orientated stimuli decreased with time, F (2, 1.461) = 37.730, p < 0.001,
η2 = 0.430. Only the interaction lateral_medial*measurement*group was significant,
F (1.99, 99.40) = 4.323, p = 0.016, η2 = 0.08, and reflects the less steep decline in RT for
lateral orientated stimuli in children with DCD from T0 to T1, than in the control group.
The log10 RTs are displayed in Figure 5.2, for the DCD and control group separately.
For palm view stimuli, the 2 (lateral/medial) x 3 (measurement occasion) x 2 (group)
repeated measures ANOVA showed that there was a trend that the DCD group had longer
RTs than the control group, F (1,49) = 3.406, p = 0.071, η2 = 0.071. RTs to lateral orientated
stimuli were longer than RTs to medially orientated stimuli, F (1, 49) = 180.01, p < 0.001,
η2 = 0.786. In addition, the RTs for lateral and medial orientated stimuli decreased
over time in both groups, F (1.36, 66.71) = 21.302, p < 0.001, η2 = 0.303. There were no
significant interactions. The log10 RTs are displayed in Figure 5.3, for the DCD and
control group separately.
In line with the developmental delay hypothesis, we hypothesized that the DCD group
would show a higher number of errors at T0, but that both groups would decrease their
number of errors over time. For back view stimuli, the Mann Whitney U-tests showed
that at all three measurement occasions the DCD group made significantly more errors
than the control group, (Table 5.1). Number of errors gain scores (T2 – T0) were analyzed
with a Mann Whitney U-test with group as the between subjects variable. There was no
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difference between the DCD (median = -4.0) and control group (median = -1.0) in the
decrease of number of errors over time, U = 291.50, p = 0.396, r = -0.12. For palm view
stimuli, the Mann Whitney U tests showed that at all three measurement occasions,
there was a significant difference between the DCD and control group (Table 5.2). There
was no difference between the DCD (median = -3.0) and control group (median = -1.0) in
the decrease of number of errors over time, U =254.50, p = 0.187, r = -0.18.

Figure 5.2. – Mean response time (log10 RT) for lateral and medial orientated Back View
stimuli. Solid line refers to laterally rotated stimuli, dashed line to medially rotated stimuli.
Error bars represent 95% CI.

Figure 5.3. – Mean response time (log10 RT) for lateral and medial orientated Palm View
stimuli. Solid lines refer to laterally rotated stimuli, dashed lines to medially rotated stimuli.
Error bars represent 95% CI.
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Table 5.1. – Number of errors for back view stimuli at the three measurement occasions
(T0, T1, T2)

T0
T1
T2

Median

Q1

Q3

U

p

r (Z / √n)

DCD

4.0

2.0

7.5

214.50

0.023

-0.31

Control

2.0

0.0

4.0

DCD

2.0

1.0

3.0

178.50

0.003

-0.42

Control

1.0

0.0

1.0

DCD

1.0

0.0

4.0

161.50

0.001

-0.48

control

0.0

0.0

1.0

Table 5.2. – Number of errors for palm view stimuli at the three measurement occasions
(T0, T1, T2)

T0
T1
T2

Median

Q1

Q3

U

p

r (Z / √n)

DCD

5.0

2.25

13.5

201.0

0.019

-0.33

Control

2.0

1.0

7.0

DCD

2.0

1.0

4.75

201.5

0.018

-0.33

Control

1.0

0.0

2.0

DCD

2.0

0.25

4.75

217.0

0.036

-0.29

control

0.0

0.0

2.0

5

5.3.3 Anticipatory action planning
We hypothesized, based on the developmental delay hypothesis, that the DCD group
would show a lower percentage of ESC on critical trials at T0, but that both groups
would improve their ESC over time. First, we determined whether there was a significant
difference between the DCD and control group on % ESC in critical trials at T0, T1 and
T2. At T0, Mann Whitney U-test showed that the DCD group had a significant lower %
ESC than the control group (median DCD = 16.67%, median control = 50%), U = 242.0,
p = 0.030, r = -0.42. However, at T1 and T2 the group difference was not significant
(T1: p = 0.102, T2: p = 0.486).
As expected, on control trials, there was no significant difference between children
with DCD and controls at either measurement occasion (T0: p = 0.251, T1: p = 0.150, T2:
p = 0.241). Results are presented in Figure 5.4.
Gain scores (T2 – T0) of the percentage of comfortable end positions in critical trials
were analyzed with a Mann-Whitney U test with group as the between subjects variable.
There was no significant difference in the change of % ESC over time between the
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DCD (M = 9.26, SD = 31.12, median = 0.00) and control group (M = -4.32, SD = 38.28,
median = 0.00), U = 396.50, p = 0.231, r = -0.16.

Figure 5.4. – Sword Task – Mean percentage comfortable end positions. Errors bars represent
95% CI.

5.4 Discussion
The issue whether the impaired predictive control seen in DCD reflects a developmental
delay of the motor system or a disorder, is a critical issue both theoretically and clinically
(Hyde & Wilson, 2013). Theoretically, the diagnostic criteria for DCD (from both the DSM-V
(American Psychiatric Association, 2013) and ICD-10 (World Health Organization, 2007))
identify neurological deficit as an exclusion criterion for DCD. This is consistent with a
developmental delay model of the disorder. In contrast, a disorder hypothesis suggests
that the deficits in predictive control seen in DCD may reflect a disruption to underlying
neurocognitive processes (Hyde & Wilson, 2013). This would question current diagnostic
scheduling which defined neurological impairments as an exclusion criteria. Intriguingly,
indeed several neuro-anatomical regions have been proposed as possible foci for the
aetiology of DCD (for a review see Zwicker, Missiuna, & Boyd, 2009) and researcher and
clinicians have suggested in recent years that DCD and cerebral palsy have similar causal
pathways and may fall on a continuum of movement disorder rather than being discrete
categories (Hadders-Algra & Gramsbergen, 2003; Pearsall-Jones, Piek, & Levy, 2010;
Williams, Hyde, & Spittle, 2014). From a clinical perspective, a developmental delay in
DCD would suggest that children have the potential to improve their predictive control
skills but that development is delayed. Targeted interventions can then help to accelerate
this process and improve the motor skills of children with DCD more rapidly, thereby
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enhancing an early catch-up with typically developing peers. On the other hand, if the
impaired predictive control seen in DCD reflects a disorder, possibly with an identifiable
neurological basis, children might not be expected to acquire age-appropriate motor
skills at all (Hyde & Wilson, 2013). The approach of the intervention will then differ from
an intervention that addresses a developmental delay. If the motor problems are the
result of a developmental delay, training will speed up the already maturating motor
system. In contrast, training for children with a (neurological) deficit might mean that
compensative strategies should be taught. To advance the developmental delay vs.
disorder issue the present study used a longitudinal design to examine the development
of predictive control in children with DCD. Ruddock et al. (2016) used longitudinal
modelling to examine the online control of movements, and showed evidence for a
developmental delay. The present study used a test of implicit motor imagery (the hand
rotation task) and a test of action planning using the end-state comfort effect (the sword
task) to examine the predictive control of both children with DCD and age- and gender
matched controls. Based on the assumption of a developmental delay, it was expected
that the DCD group was impaired in motor imagery and action planning at T0, compared
to controls, but would develop motor imagery and action planning skills over time at the
same rate as their typically developing peers.
Results on the hand rotation task, measuring motor imagery, showed that children
with DCD were able to use motor imagery (indicated by a longer RT for lateral than for
medial orientated stimuli), and during the two year follow-up became faster and made
less errors. Still, there was a trend that children with DCD were slower than their agematched peers, and made significantly more errors in all subsequent years. These results
indicate a developmental delay; children with DCD do improve their motor imagery skills
over time but still lag behind compared to their peers after two years of follow-up. This
is in accordance with earlier cross-sectional studies on motor imagery ability in DCD.
Hyde et al. (2014) found that even young adults with pDCD show a decreased efficiency
on the hand rotation task, compared to controls. When comparing the performance of
young adults with pDCD (aged 19-35 years) in the study of Hyde et al. (2014) (efficiency
score of 1959.62 ms for back view stimuli) with the performance of younger children
with pDCD (aged 8-12 years) in the study of Fuelscher et al. (2015) (efficiency score of
2864.37 ms for back view stimuli), it is clear that motor imagery efficiency is increased in
the young adult group. This suggests that children with pDCD are able to improve their
motor imagery abilities over time. The present study confirms and extends these earlier
cross-sectional data by showing the development of motor imagery within subjects
using a longitudinal design.
Results on the sword task, measuring action planning, showed that during the first
measurement (T0) children with DCD planned less for end state comfort than the
controls. However, in subsequent years, no difference in planning for ESC was found
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between the DCD and control group, indicating a developmental delay with a catch-up.
The difference in end-state comfort planning at T0 between the DCD and control group,
is in accordance with our earlier study (Adams, Ferguson, Lust, Steenbergen, & SmitsEngelsman, 2016). Interestingly, the control group showed no improvement of planning
for end-state comfort over time. Although this may appear surprising, the results can
be explained by motor reorganization at around 8 or 9 years of age. A large part of our
typically developing children were aged 6 to 8 years during the first measurement (17
children; 62.97% of TD sample). In the study of Jongbloed-Pereboom et al. (2013) a
decrease, or ‘drop’, in action planning was observed at 9 years of age. Also, Thibaut and
Toussaint (2010) reported a similar ‘drop’ in action planning in their study, with 8-yearolds performing less well than 6-year-olds. At around 8 or 9 years of age, children hold
more cues into account in performing the action planning task than younger children. It
is assumed that 8-year-olds do not yet sufficiently integrate these cues into their actions
compared with 10-year-olds (Thibaut & Toussaint, 2010), explaining the decrease in ESC
planning in children aged 8-9 years. If children with DCD are delayed in the development
of action planning, this decrease in ESC planning will probably emerge at a later age. Due
to the limited number of participants per age group, we were not able to determine these
age-specific developmental trajectories.
Importantly, these results show that MI and action planning ability in children with
DCD can be improved over time, but MI ability of children with DCD still lacks behind to
their typically developing peers after two years of follow-up. This strengthens the use
of new training techniques that focus on training MI to improve motor skills in children
with DCD (Wilson et al., 2002, 2016). In these motor imagery trainings, it is important
that an explicit coupling between motor imagery and the actual execution of the motor
skill is made. The present study shows that predictive control improves over time in
children with DCD. However, by definition, these children do not (significantly) improve
their motor skills over time (criterion B DSM-V – American Psychiatric Association,
2013). Thus, when children with DCD are trained in motor imagery, comparison between
predicted outcomes during motor imagery, and actual outcome of the movement after
execution of the movement, seems necessary in order to help these children and refine
their motor plans (i.e. internal models) (Adams, Steenbergen, Lust, & Smits-Engelsman,
2016). More awareness of the coupling between motor imagery and actual movement,
will likely enhance transfer to other tasks than the task trained.
A limitation of the present study is the restricted number of measurement occasions.
The use of growth curve modelling statistics was not possible with the presented data set,
due to a limited number of measurement occasions and a sample size that is considered
small to moderate for these kind of analyses. We have chosen to include a clinical group
of children with DCD (all included children were treated or have been treated for a motor
coordination problem by a paediatric physical therapist), instead of a group of children
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with probable DCD recruited on regular primary schools as has been done in previous
studies (e.g. Noten, Wilson, Ruddock, & Steenbergen, 2014; Williams et al., 2006; Wilson
et al., 2004). This implied home-based measurements, limiting the number of children
and the number of measurement occasions that could be completed within the time span
of the project. For future studies, that aim at modelling both individual and group growth
trajectories, it is recommended that at least five measurement occasions are included as
well as a larger sample size (Bolger & Laurencau, 2013).
We did not explicitly assess children’s IQ, attention and working memory. Children
were recruited from mainstream schools and therefore assumed to have IQ levels within
the normal range (Geuze, Jongmans, Schoemaker, & Smits-Engelsman, 2001). When
children attended special education, parents were asked for their latest IQ score. Given
the lack of evidence suggesting a reliable relationship between motor ability and IQ (van
der Fels et al., 2015), we argue that it is unlikely that IQ would have influenced the results
of this study. In addition, children with an ADHD diagnosis were excluded from this study,
preventing the confounding effect that severe attentional problems might have on
performing the MI and action planning task. Still, working memory problems could have
influenced performance (Alloway & Archibald, 2008). In the current study, we decided to
not include a working memory test for two reasons. First of all, the working memory load
of the experimental tasks was considered low. Children could respond immediately after
the presentation of the hand stimulus or the sword. Secondly, the current test battery
(including the mABC-2, hand rotation task and sword task) already took 40 minutes to
complete. To prevent fatigue, we decided that adding a working memory task was not
desirable. Taken together, it is not likely that differences in working memory skills can
explain the described differences between the DCD and control group.
In sum, the present study showed that children with DCD have a delay in the
development of MI and action planning. Using an implicit MI task, it was shown that
children with DCD were slower and less accurate than their typically developing peers
in all subsequent measurements but were able to improve their motor imagery ability
over time. Furthermore, children with DCD showed less planning for ESC at the start of
the present study, but were able to catch up with their peers during the two-year follow
up. Together, these results provide an important avenue for training and rehabilitation
of motor skills in children with DCD. Improvement of implicit MI and action planning
ability is possible in DCD, and training might help to enhance an early catch-up with their
typically developing peers. This is supported by studies showing that motor imagery
training is as effective as perceptual motor training in improving motor skills in children
with DCD (Wilson et al., 2016; Wilson et al., 2002). Currently, studies that performed
motor imagery training in children with DCD, used a mixture of explicit and implicit motor
imagery (using action observation) (Adams, Steenbergen, et al., 2016; Wilson et al. 2002,
2016). The current study focused on the development of implicit motor imagery ability
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(using a mental rotation task) not explicit motor imagery ability. In a task using explicit
motor imagery, direct instructions to use motor imagery are given to participants. Future
studies could examine the development of explicit motor imagery (using for example
a mental chronometry task) in children with DCD. Developmental patterns in different
age-groups could be focused on, in order to develop age-appropriate instructions in
motor imagery training. Together, this will help to improve current motor imagery
trainings and make such interventions both more cost-efficient and more adjusted to a
child’s individual needs.
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Chapter 6
Development of motor imagery ability
in children with DCD – a goal-directed
pointing task
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Abstract
Children with Developmental Coordination Disorder (DCD) have
difficulties with the predictive control of movements. This was
shown in studies that target motor imagery and motor planning,
and appears to become particularly evident with increasing task
complexity. In the present study we used a complex mental
chronometry paradigm to examine the development of motor
imagery ability in children with DCD. Using a longitudinal design,
we scrutinized whether the impaired motor imagery abilities in
children with DCD is representative of a developmental delay
or a disorder. Thirty children were included in the DCD group
(aged 6-11 years) and age- and gender-matched to 30 controls. The
DCD group had a mABC-2 score ≤ 16th percentile, the control group
> 20th percentile. Results of the current study showed that children
with DCD indeed had a significantly lower correlation between
executed and imagined movements. Importantly, the increase of
the correlation and linear fit during subsequent measurements
was comparable for the DCD and control group, in favor of the
developmental delay hypothesis. Based on these results, it seems
likely that explicit motor imagery instructions can be used to
improve predictive control in children with DCD.

120

6.1 Introduction
Children with Developmental Coordination Disorder (DCD) have difficulties performing
coordinated movements (American Psychiatric Association, 2013). Consistent with the
internal modelling deficit hypothesis (IMD) (Wilson & Butson, 2007), earlier studies have
indicated that this is due to problems with the predictive control of movements (Adams,
Lust, Wilson, & Steenbergen, 2014; Wilson, Ruddock, Smits-Engelsman, Polatajko,
& Blank, 2013). Recent studies show that this deficit in predictive control is more task
specific than was originally thought (Wilson et al., submitted). Variation in the pattern
of performance (relative to controls) is shown according to the complexity of the task
in case of motor imagery and planning (Adams, Ferguson, Lust, Steenbergen, & SmitsEngelsman, 2016; Noten, Wilson, Ruddock, & Steenbergen, 2014). Specifically, studies
on motor imagery in DCD have employed two paradigms: implicit motor imagery
using a mental rotation paradigm (e.g. Adams, Lust, Wilson, & Steenbergen, 2017;
Deconinck, Spitaels, Fias, & Lenoir, 2009; Williams, Omizzolo, Galea, & Vance, 2013;
Williams, Thomas, Maruff, & Wilson, 2008) and explicit motor imagery where a mental
chronometry paradigm is employed (e.g. Ferguson, Wilson, & Smits-Engelsman, 2015;
Lewis, Vance, Maruff, Wilson, & Cairney, 2008; Williams et al., 2013). Collectively, these
studies suggest that motor imagery is compromised in children with DCD, but the extent
to which this is the case varied across the different paradigms. Here we argue that the
mental chronometry paradigm is more complex than the mental rotation paradigm
due to the explicit instructions and the sequential nature of the task in the former. That
is, in the mental rotation task a sequence of five back-and-forth movements has to be
made, requiring extensive motor planning. In a recent systematic review, experimental
paradigms with increased complexity are recommended for experimental studies in
DCD, to be able to disentangle the primary impairment from compensatory strategies
(Wilson et al., submitted). Here, we will scrutinize this issue via a longitudinal study by
targeting the development of motor imagery in children with DCD.
Longitudinal studies are useful and necessary in that they allow us to focus on
intra-individual change over time, and can examine differences between individuals in
terms of the entire developmental function, not just at a particular age (Wohlwill, 1970,
1973). In addition, longitudinal data about motor imagery ability in children with DCD
are crucial to design targeted motor imagery programs (Adams, Steenbergen, Lust, &
Smits-Engelsman, 2016; Wilson et al., 2016; Wilson, Thomas, & Maruff, 2002). In clinical
practice a mixture of implicit and explicit instructions are used, but especially during
the early learning phase of movement the main focus is usually on explicit instructions
(Steenbergen, van der Kamp, Verneau, Jongbloed-Pereboom, & Masters, 2010). More
insight in the development of explicit motor imagery in children with DCD, will therefore
inform these intervention programs. In sum, with our longitudinal set-up to study the
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development of explicit motor imagery in DCD we are able to draw conclusions as to
whether the deficit in predictive control observed in DCD reflects immaturity of the
motor system (a developmental delay), or some deviation from normal development (a
disorder) (Hyde & Wilson, 2013; Ruddock et al., 2015).
When comparing results of cross-sectional studies on an implicit measure of motor
imagery (the hand rotation task) in young adults with pDCD (Hyde et al., 2014) to
younger children with pDCD (e.g. Fuelscher, Williams, Enticott, & Hyde, 2015), it seems
likely that children with DCD are able to improve their implicit motor imagery ability.
However, there seems to be a developmental delay, as a difference between children
with pDCD and controls remains even in adulthood (Hyde et al., 2014). Compared to the
hand rotation task a mental chronometry task requires a more explicit form of imagery,
with visual guidance and involving speed-accuracy components (Williams et al., 2013).
When using explicit motor imagery tasks, participants are asked to imagine and feel
themselves making movements from a first-person, egocentric perspective (Decety
& Grezes, 1999; Gabbard, 2009). In the mental chronometry paradigm, chronometry
between mentally imagined and physically executed actions is taken as evidence for
the use of motor imagery (Decety, Jeannerod, & Prablanc, 1989). Prominent examples
include tasks such as the imagined pointing tasks, which include the visually guided
pointing task (VGPT) (Maruff, Wilson, Trebilcock, & Currie, 1999; Sirigu et al., 1996) and
the Computerized Virtual Radial Fitts Task (C-VRFT) (Caeyenberghs, Tsoupas, Wilson, &
Smits-Engelsman, 2009; Caeyenberghs, Wilson, van Roon, Swinnen, & Smits-Engelsman,
2009; Ferguson, Wilson, et al., 2015; Smits-Engelsman & Wilson, 2013b).
Earlier research, using the VGPT, showed that in typically developing children the
movement durations of imagined pointing movements obey to Fitts’ law (Fitts, 1954), in a
similar manner as executed movements. In contrast, in children with DCD only durations
of actual movements obeyed to Fitts’ law, and not imagined movements, (Lewis et al.,
2008; Maruff et al., 1999; Williams et al., 2013; Wilson, Maruff, Ives, & Currie, 2001).
More recently, Ferguson, Wilson et al. (2015) compared movement durations of typically
developing children and children with DCD on two tasks: the visual guided pointing
task (VGPT) and the computerized Virtual Radial Fitts’ task (C-VRFT). The correlation
between executed and imagined movement durations was significantly lower for the
DCD group than the control group, on both tasks. However, group differences were more
pronounced in the imagined condition of the radial Fitts’ task. The C-VRFT requires a
sequence of five back-and-forth movements to distinct targets located on a radial axis.
The movement trajectory is more varied and thereby imposes a higher motor planning
demand than the back and forth movement to one single target in the VGPT (Ferguson,
Wilson et al., 2015). Poor predictive control (viz. motor planning) in children with DCD
appears to be more evident for complex task constraints (Adams, Ferguson, et al., 2016;
Adams et al., 2017; Noten et al., 2014).
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The current study aimed to determine the development of explicit motor imagery
skills in children with DCD compared to age-matched controls using the C-VRFT. We
tested 30 children with DCD (according to DSM-V criteria) and 30 age-matched controls.
Children participated in three measurements (T0, T1 and T2) with approximately one
year in between measurements. Motor ability, using the mABC-2 (Henderson, Sugden,
& Barnett, 2007) – Dutch translation (Smits-Engelsman, 2010), and explicit motor
imagery using the C-VRFT were assessed at all three time points. A developmental
delay of explicit motor imagery in children with DCD is inferred when the DCD group
shows impaired motor imagery abilities compared to their typically developing peers,
but develops these skills at the same rate (or faster, in case of a catch-up) as their peers.
A disorder (deviance from the normal developmental continuum) is inferred when
the developmental trajectory of the children with DCD significantly differs from their
typically developing peers (Hyde & Wilson, 2013). It was expected that the DCD group
would have a lower correlation between executed and imagined movements during the
first measurement (T0), compared to controls. Based on recent cross sectional studies
that made a comparison between age-groups (Fuelscher et al., 2015; Hyde et al., 2014),
we hypothesized that children with DCD show a developmental delay of explicit motor
imagery.

6

6.2 Methods
6.2.1 Participants
Thirty children (23 boys) between the ages of 6 and 11 years (T0) who met the DSM-V
diagnostic criteria for DCD were included in this study, and gender and age-matched
(+/- 4 months) to controls. Mean age for the DCD group was 8.87 years (SD = 1.40),
and 8.85 years (SD = 1.40) for the control group at T0. Handedness was assessed by
performing the manual tasks of the mABC-2, and also indicated by their parents on the
health questionnaire. Two children in the DCD group and four children in the control
group were left-handed, all other children were right-handed.
The DCD group was recruited through paediatric physical therapists and via Balans (a
Dutch organization for parents of children with DCD) through an advertisement on their
website. In the first year 33 children with DCD participated, gender and age-matched to
33 controls (this population is also described in Adams et al. 2017). In subsequent years,
30 children with DCD were able to participate at all three time points, and gender and
age- matched to 30 controls. The DCD children all met the following four inclusion criteria
to ensure that the DSM-V diagnostic criteria were met: (1) mABC-2 (Dutch translation Smits-Engelsman, 2010) total percentile score ≤ 16th (criterion A DSM-V), (2) treated or
have been treated for a motor coordination problem by a paediatric physical therapist.
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In addition, parents filled out the DCDQ (Dutch translation; Schoemaker, ReindersMesselink, & de Kloet, 2008) to monitor the interference of the motor problem with
activities of daily living and academic productivity (criterion B of DSM-V), (3) IQ > 70. If
children attended regular primary education and had not been diagnosed with a learning
disorder, an IQ > 70 was inferred. When children attended special education, IQ score was
checked by asking their parents the latest IQ score (criterion D DSM-V), and (4) no visual
impairments or neurological conditions that could affect their motor abilities (criterion
D DSM-V). A health questionnaire with specific questions about medical conditions was
used to ascertain this last criterion. Criterion C of the DSM-V about the early onset of
symptoms is present because the children have symptoms between 6 and 11 years of
age. Three children in the DCD group had a diagnosis ADHD. Since attentional problems
might influence the performance of the experimental tasks (Fong et al., 2016), three
children in the DCD with an ADHD diagnosis were excluded, as well as their gender- and
age-matched controls. This yielded a total of 27 children in the DCD group and 27 children
in the control group. The mABC-2 percentile scores of the children with DCD ranged from
0.1 to 16.0 (Total Test Score M = 50.63, SD =14.22).
The control group was recruited on two mainstream primary schools. Control children
were included if they had a mABC-2 total percentile score > 20th and IQ > 70. An IQ > 70
was inferred when attending regular primary education and no presence of a learning
disorder. The mABC-2 percentile scores were in the range of 25 – 98 (Total Test Score M =
81.41, SD = 7.28).

6.2.3 Experimental task – C-VRFT
During the C-VRFT, participants were seated on a comfortable chair with their arms
resting in front of them. Custom developed software in the Presentation software
package (Neurobehavioral Systems, Albany, USA) was used to present stimuli and record
data. A 19 inch touch-screen (ELO 1928L Desktop Touchmonitor) was placed in front of
participants on a table and was tilted about 10° towards them. The C-VRFT requires a
sequence of five back-and-forth movements to distinct target located on a radial axis
from a home base. In the C-VRFT, five target circles were displayed on a touch-screen
on 75 or 150 mm long radials from a central home base between a green start box and
red stop box (Figure 6.1) (Caeyenberghs, Wilson, et al., 2009). Varying target distances
(A) - the distance between the middle of the home base and the edge of the five radials and target widths (W) were used, resulting in four different task difficulties (i.e. index of
difficulty (ID), Table 6.1), as computed by ID = log2 (2 x (A/W)) (Fitts, 1954). Participants
were requested to move (execution condition) or to imagine moving (imagery condition)
in straight lines between the central home base and each of the five target circles. In
both the execution and imagery condition, participants had to touch the start button
first. Subsequently, a beep sound was presented (after a random duration between 500-
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1000 ms). For the execution condition, participants were required to move back and forth
between the consecutive radial targets and the central home base in fixed order from left
to right and finally move with their index finger to the stop button (Figure 6.1). They were
instructed to do so as fast and as accurately as possible. Participants had to perform the
task by using the index finger of their dominant hand. We decided to use the index finger
to control the touch-screen instead of a (electronic) pen because hand writing problems
are well known in children with DCD (Prunty, Barnett, Wilmut, & Plumb, 2013; Rosenblum
& Livneh-Zirinski, 2008). Finger movements were recorded at a frequency of 100 Hz. For
the imagery condition, the participants were required to imagine their movements back
and forth to the same five targets, while their index finger remained at the central home
base. When they finished imagining touching all five targets, they had to move their
index finger to the stop button. Each child received a demonstration by the experimenter
and two practice trials at the beginning of both blocks. The children first performed the
execution condition, followed by the imagery condition. Previous work in adults has
shown that condition order does not affect performance (Papaxanthis, Pozzo, Skoura, &
Schieppati, 2002). There were 3 repetitions for each ID, resulting in 12 randomly ordered
trials in both conditions.

6

Figure 6.1. - Schematic representation of the C-VRFT

Table 6.1. - Indices of difficulty in the C-VRFT.
Index of difficulty (ID)

Target distance (mm)

Target size (mm)

3.32

75 mm

30 mm

4.32

150 mm

30 mm

5.32

75 mm

7.5 mm

6.32

150 mm

7.5 mm
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6.2.4 Procedure
Approval for the experiment was obtained from the local Ethical Committee (Registration
number: 2013-1405-110a1). The parents of all participants signed a written informed
consent prior to the study, and were asked to fill in the DCD-Q (Dutch translation Schoemaker et al., 2008), the ADHD questionnaire (Scholte, 2004), and a questionnaire
concerning the health of their child. The ADHDQ was used to examine signs of ADHD
(attention, hyperactivity, impulsivity) in both groups, because ADHD often co-occurs in
DCD (Goulardins et al., 2015). After receiving the informed consent and questionnaires,
the child was asked to fulfill the C-VRFT and the mABC-2 (Smits-Engelsman, 2010). The
C-VRFT and mABC-2 were repeated at measurement T1 and T2.

6.2.5 Data analysis
All analyses were performed using SPSS version 21. Alpha level was set at 0.05, and
Greenhouse-Geisser corrected values were reported when the assumption of sphericity
was violated. Total scores on the DCDQ and ADHDQ were compared between the DCD
and control group with two Mann Whitney U-tests. Mean movement duration (time
between touching the start button and reaching the stop button) was calculated for each
ID and each child separately and for the execution and imagery condition separately. The
analyses were performed in three steps: (1) Temporal congruence between execution and
imagery conditions was determined by Pearson correlation for the movement duration
of the two conditions, both at group level and for each individual. Correlations were then
Fisher-Z transformed and subjected to a repeated measures ANOVAs with time (T0, T1,
T2) as repeated factor and group as between subject factor, in order to test whether
the temporal congruence was different between the DCD and control group over time;
(2) The effect of ID on movement duration in both conditions and in both groups on the
three measurement points (T0, T1, T2) was examined with a repeated measures ANOVA
with ID (2.32, 3.32, 4.32, & 5.32), condition (execution and imagery) and time (T0, T1, T2)
as repeated factors and group as between subject factor; (3) Compliance with Fitts’ law
(Fitts, 1954) was analysed using the goodness of fit (R2) and slope of the linear regression
for the movement duration and ID, for each participant separately. Two repeated
measures ANOVA on goodness of fit and slope were used to test whether the linearity of
the movement duration over the different indexes of difficulty differed between group
(DCD/control) and condition (execution/imagery). Furthermore, one sample t-tests were
used to test whether the R2 for the actual and imagery movement performance were
larger than 0 for children in each group separately.
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6.3 Results
6.3.1 Questionnaires
Total scores on the DCD-Q at baseline were lower for the DCD group (median = 38.0)
than the control group (median = 67.0), U = 25.50, p < 0.001, r = -0.80. Total scores on the
ADHDQ at baseline were higher for the DCD group (median = 22.0) than for the control
group (median = 9.0), U = 161.0, p < 0.001, r = -0,48.

6.3.2 Experimental task – C-VRFT
For the C-VRFT Pearson correlations between the duration of executed and imagined
movements are displayed in Figure 6.2. Because the Pearson correlations were not
normally distributed, the Fisher Z transformed correlations were used for the repeated
measurements ANOVA with time (T0, T1, T2) as the within subjects variable, and group
(DCD/control) as the between subjects variable. The DCD group had a significantly lower
correlation than the control group, F (1, 52) = 4.709, p = 0.035, η2 = 0.083. The correlation
between executed an imagined movements increased with time in both groups,
F (2, 104) = 4.106, p = 0.019, η2 = 0.073. There was no difference between groups in the
increase of the correlation over time, p = 0.719. Pearson correlations are displayed in
Figure 6.2.
The effect of index of difficulty (ID) on movement time in both conditions and in both
groups was examined with a repeated measures ANOVA with time (T0, T1, T2), condition
(execution and imagery) and ID (2.32, 3.32, 4.32, & 5.32) as repeated factors and group
as between subject factor. Because movement times in both conditions, for both groups,
were not normally distributed, a log10 transformation was conducted on all movement
times before running the analyses. There was no main effect of group (p = 0.47).
Movement time decreased over time, F (2, 104) = 4.48, p = 0.014, η2 = 0.079, and this
did not differ between groups (interaction time*group), p = 0.47. Executed movements
were performed more slowly than the imagined movements, F (1,52) = 99.56, p < 0.001,
η2 = 0.657. There was a trend that this difference in movement time between executed
and imagined movements was larger in the DCD group than in the control group,
F (1,52) = 3.519, p = 0.066, η2 = 0.063 (Figure 6.3). Movement time significantly increased
with increasing ID, F (2.23, 115.89) = 227.43, p < 0.001, η2 = 0.814. The time* condition
interaction was significant, F (1.80, 93.57) = 36.54, p < 0.001, η2 = 0.413, and separate
analyses for executed and imagined movements showed that the movement time of
executed movements decreased over time, F (2,104) = 22.80, p < 0.001, η2 = 0.305, while
the movement time of imagined movements increased over time, F (2,104) = 8.58, p <
0.001, η2 = 0.412 (Figure 6.3). The interaction condition * ID was significant indicating
that the increase of movement time per ID was larger for executed than for imagined
movements, F (2.25, 116.83) = 124.00, p < 0.001, η2 = 0.706. No other interactions were
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significant at an alpha level of 0.05. The increase of movement time per ID for executed
and imagined movements is displayed in Figure 6.3A (DCD group) and 6.3B (control
group).
Goodness of fit deviated significantly from 0 for participants in both the DCD and
control group at all three measurement occasions (Table 6.2). The goodness of fit for
the linear relation between movement duration and ID was significantly higher for the
control group, F (1,52) = 4.47, p = 0.039, η2 = 0.079. The goodness of fit was significantly
higher for executed movements than for the imagined movements, F (2, 104) = 161.30,
p < 0.001, η2 = 0.756. Furthermore, the goodness of fit increased with time, F (2,104) =
8.103, p = 0.001, η2 = 0.135, and this did not differ between groups (p = 0.410). No other
interactions were significant at an alpha-level of 0.05. In Figure 6.4 the mean goodness
of fit for each group at all three measurement occasions is displayed.

Figure 6.2. - Pearson Correlation C-VRFT between executed and imagined movements at all
three time points. Solid line (black) refers to DCD group, dashed line (grey) refers to control
group. Error bars represent 95% CI.
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Figure 6.3A. - Log10 Movement time per Index of Difficulty (ID) for the DCD group. Solid line
(black) refers to executed movements, dashed line (gray) to imagined movements. Error bars
represent 95% CI.
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Figure 6.3B. Log10 Movement time per Index of Difficulty (ID) for the control group. Solid
line (black) refers to executed movements, dashed line (gray) to imagined movements. Error
bars represent 95% CI.
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The slope of the linear relation between movement duration and ID did not differ
between groups (p = 0.870), presented in Figure 6.5. The slope did not change over time
(p = 0.087), but the slope of executed movements was significantly higher than the slope
of imagined movements, F (1,52) = 219.31, p < 0.001, η2 = 0.81.
Table 6.2. Results on linear fit for the DCD and control group at all three measurements
(T0, T1, T2)
T0

T1

T2

DCD

Control

DCD

Control

DCD

Control

t(26) = 13.90,
p < 0.001

t(26) = 27.23,
p < 0.001

t(26) = 22.25,
p < 0.001

t(26) = 36.03, t(26) = 29.83,
p < 0.001
p < 0.001

t(26) = 27.75,
p < 0.001

t(26) = 5.77,
p < 0.001

t(26)= 5.97,
p < 0.001

t(26) = 6.44,
p < 0.001

t(26) = 7.92,
p < 0.001

t(26) = 10.28,
p < 0.001

Linear fit – execution
R 2> 0
Linear fit – imagery
R 2> 0

t(26) = 8.50,
p < 0.001

6
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Figure 6.4. - Goodness of fit for the linear relation between movement duration and index
of difficulty for the execution and imagery performance for the DCD and control group. Error
bars represent 95% CI.
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Figure 6.5. - Slopes for the linear relation between movement duration and index of difficulty
for the execution and imagery performance for the DCD and control group. Error bars
represent 95% CI.
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6.4 Discussion
In the present longitudinal study we examined the development of explicit motor imagery
ability in children with DCD via the use of the complex C-VRFT imagery task. Explicit motor
imagery in these children was assessed in three subsequent measurements interspersed
by one year. Our main research question was whether the often reported compromised
motor imagery ability in these children is the result of a developmental delay or reflects a
disorder in this capability. In accordance with a developmental delay hypothesis (Hyde &
Wilson, 2013), it was expected that the DCD group would have a lower correlation between
executed and imagined movements at the first measurement (T0), compared to controls,
but that both groups would show a similar increase in correlation between executed and
imagined movements over time. Results of the current study showed that children with DCD
indeed had a significantly lower correlation between executed and imagined movements
indicating that the comprised motor imagery ability in children with DCD reflects a
developmental delay rather than a disorder. In addition, children with DCD showed a lower
linear fit compared to their typically developing peers indicating that the children with
DCD obeyed to Fitts’ law to a lesser extent than controls. Decreased linear fit in the DCD
group indicates that these children had difficulty with performing the task, or did not follow
the task instructions as closely as their peers. Importantly, the increase of the correlation
and linear fit during subsequent measurements was comparable for the DCD and control
group, in favor of the developmental delay hypothesis. Further analyses showed that the
increased correlation reflects decreased movement time of actually executed movements,
and increased movement time of imagined movements in both groups. In what follows,
the results are discussed in comparison with earlier studies that used mental chronometry
paradigms with varying complexity in children with DCD. Subsequently, the implications of
the observed delayed motor imagery ability in DCD for clinical rehabilitation are discussed.
The correlations reported in the present study are similar to that reported by Williams
et al. (2013). They used the paper and pencil VGPT to study explicit motor imagery ability
in children aged 7-12 years. In their paper Fisher Z transformed correlations are reported
of 0.47 for the DCD group, and 0.88 for the control group (Williams et al., 2013), values
that are very close to the Fisher Z correlations that we found at T2 (DCD: 0.48, control:
0.95). It can be questioned why it took until the third measurement (T2) before we had
comparable correlations as in the study of Williams et al. (2013). A possible account for a
difference in reported correlations between the C-VGPT and the VGPT concerns the motor
planning complexity. In the introduction we argued that the mental chronometry paradigm
is a more challenging than the mental rotation paradigm. However also within the mental
chronometry paradigm, differences in complexity between specific tasks exist. In the
VGPT consecutive back-and-forth movements can be made without changing direction of
movement, while in the C-VRFT the direction of movement has to be changed to be able to
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touch all five targets. The motor planning complexity of the C-VRFT is thus higher than that
of the VGPT, a property of the C-VRFT that is desirable to elicit group differences between
a DCD and control group. In contrast, when comparing our results to the study of Ferguson,
Wilson et al. (2015) it is apparent that the correlations presented in the current study (T2:
DCD r = 0.31, control r = 0.57) between executed and imagined movements are lower than
those presented in the study of Ferguson, Wilson et al. (2015) (DCD rs = 0.62, control rs =
0.82). These differences could be due to differences in the C-VRFT that was used. In the
present study we varied both target width and amplitude, resulting in IDs of 3.32 – 6.32. In
the study of Ferguson, Wilson et al. (2015) only target width was varied and not amplitude.
Five different target widths were used resulting in IDs of 2.9 – 6.9. The use of five different
IDs, with a greater dispersion of IDs, might have led to a higher correlation in the study
of Ferguson, Wilson et al. (2015). This suggestion is supported when comparing the results
of the typically developing children in the present study to that reported by Spruijt, van
der Kamp, and Steenbergen (2015a). Like in our study, they used a C-VRFT in which both
target width and distance were varied between trials, Pearson correlations of 0.16 to 0.41
for children aged 6-8 years were reported. In the present study we included children aged
6-11 years during the first measurement, they showed a correlation between executed and
imagined movements of 0.20. During the last measurement, these children were aged 8-13
years, and the reported correlation had increased to 0.57. This increased correlation over
time is in line with the expectation that older children, will show an increased correlation
between executed and imagined movements (Spruijt et al., 2015a). Taken together,
while reported correlations in the present study are lower than in the study of (Ferguson,
Wilson, et al., 2015), the difference in correlation between the DCD and control group are
comparable between both studies. Furthermore, results are consistent with earlier studies
that examined mental chronometry in children with DCD (Williams et al., 2013) and controls
(Spruijt et al., 2015a), thereby supporting the IMD hypothesis that states that predictive
control of movement is impaired in DCD. The results of the present study, in comparison
with earlier studies, again testifies the task specificity of the impaired predictive control
of children with DCD. Subtle differences in task complexity between studies can affect the
pattern of deficits observed (Adams, et al., 2017).
The present study extends previous studies by examining the development of explicit
motor imagery ability. In contrast to cross sectional studies that can only speculate on
within subject development, the current longitudinal data shows a consistent difference in
explicit motor imagery performance between children with DCD and age-matched controls
in favor of a developmental delay (Hyde & Wilson, 2013; Ruddock et al., 2015). From a clinical
perspective, a developmental delay in DCD suggests that children have the potential to
improve their explicit motor imagery ability, but that development is only delayed. This
strengthens the use of motor imagery training, for improvement of motor skills in children
with DCD.
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Current motor imagery interventions contain a mixture of implicit motor imagery (using
action observation by means of videos) and explicit motor imagery (using verbal instructions
for the imagery of movements) (Wilson et al., 2002, 2016). To make motor imagery
interventions more tailor-made the decision whether implicit or explicit motor imagery
exercises are used should be dependent on child characteristics such as age and motor
imagery ability. Future studies should include a larger DCD group to be able to include age as
a factor in the analyses of the results. This will give more detailed information from what age
explicit motor imagery instructions can be used for children with DCD. Together, this will help
to improve current motor imagery trainings and make such interventions more tailor-made.
We cannot rule out the possibility that cognitive (e.g. IQ, inhibitory control) or neuromotor (e.g. general reaching efficiency) factors other than motor imagery ability influence
performance on the C-VRFT (Choudhury, Charman, Bird, & Blakemore, 2007; Gabbard, Lee,
& Cacola, 2013; Malouin, Belleville, Richards, Desrosiers, & Doyon, 2004). We have excluded
children with an ADHD diagnosis before analysis, preventing the confounding effect that
severe attentional problems might have on motor imagery performance. Also, the C-VRFT
was chosen instead of the VGPT because the C-VRFT has lower cognitive demands.
When performing the VGPT the participant must keep count of the number of completed
movements, thus enlisting aspects of working memory (Ferguson, Wilson et al., 2015). We
therefore hypothesized that working memory problems would influence the performance of
the C-VRFT less than in the VGPT. Future studies should have a closer look at which cognitive
processes are related to the ability to use motor imagery.
To conclude, the present study showed that children with DCD are able to perform
an explicit motor imagery task and that this ability improved over time; movement
time increased with increasing ID and the correlation between executed and imagined
movements increased during subsequent measurement occasions. However, the
correlation between executed and imagined movements was significantly lower in the
DCD group than in the control group, and although children with DCD improved their
performance, they did not catch-up with their typically developing peers. These results are
in favor of a developmental delay for explicit motor imagery skills in children with DCD.
Together, these results are an important avenue for training and rehabilitation of motor
skills in children with DCD as improvement of explicit motor imagery ability is possible in
DCD. Based on the current results, it seems likely that explicit motor imagery instructions
can be used to improve motor imagery skills in children with DCD.
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Abstract
Children with impaired motor coordination (or DCD) have difficulty
using motor imagery. We have suggested that this difficulty is
explained by the internal modelling deficit (IMD) hypothesis of
DCD. Our previous training study (Wilson, Thomas, & Maruff, 2002)
lent support for this hypothesis by showing that a computerized
imagery training protocol (involving action observation, and
mental- and overt-rehearsal) was equally effective to perceptualmotor therapy (PMT) in promoting motor skill acquisition. The
study presented here was designed to replicate and extend this
finding, targeting a select group of children with moderate-tosevere DCD. All 36 children with DCD who participated were
referred to the study and scored below the 10th percentile for
their age on the Movement Assessment Battery for Children
(mABC). Using a randomized control trial, the referred children
were assigned randomly to one of three groups using a blocked
procedure: imagery training, perceptual-motor training (PMT),
and wait-list control. Motor proficiency was measured using the
mABC, pre and post-training. Individual training consisted of
60-min sessions, conducted once a week for 5 weeks. Results
showed that the imagery protocol was equally effective as PMT in
promoting motor skill acquisition, with moderate-to-large effect
sizes. Individual differences showed that the majority of children
in the two intervention groups improved their motor performance
significantly. Overall, these results further support the use of
motor imagery protocols in the treatment of DCD, and tentative
support for the IMD hypothesis. Developmental and dose issues in
the implementation of imagery-based intervention are discussed.
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7.1 Introduction
Motor skill learning difficulties in children (or DCD) is a relatively common issue that has
attracted considerable research into causal factors and remediation. A recent systematic
review and meta-analysis have shown that task-oriented approaches to treatment can
muster the most compelling case for efficacy (Blank, Smits-Engelsman, Polatajko,
& Wilson, 2012; Smits-Engelsman et al., 2013). These approaches - like Neuromotor
Task Training (NTT) and Cognitive Orientation to Occupational Performance (CO-OP)
– are well credentialed and based on sound motor learning principles (Thornton et al.,
2015; Wilson, 2005). However, there have been relatively few approaches to treatment
that derive from the accumulating body of empirical work on basic mechanisms. One
exception to this rule was an early study supporting the use of motor imagery training
in children with motor impairments (Wilson, Thomas, & Maruff, 2002), informed by the
internal modeling deficit (IMD) account of DCD (Wilson & Butson, 2007). Interestingly,
since this paper, no additional papers have been published on use of this approach in
DCD, while discussions have appeared in the cerebral palsy (CP) literature (Steenbergen,
Crajé, Nilsen, & Gordon, 2009). In the paper presented here, we provide an important
replication study of this approach, the first using a group screened rigorously for DCD
using DSM-5 criteria (American Psychiatric Association, 2013). Such a study is important
at a time when our understanding of motor imagery and action observation is quite
advanced in fields of learning, rehabilitation, and training (Vogt, Di Rienzo, Collet,
Collins, & Guillot, 2013).
DCD is not a trivial issue but occurs in 5-10% of all children and, without adequate
intervention, often persists over time into adulthood (Wilson, 2005). The impacts of DCD
are also not just confined to daily activities and educational function, but are associated
with poorer physical health and fitness, and psychological and social outcomes including
poor self-concept, anxiety, and social isolation (Kirby & Sugden, 2007; Zwicker, Harris,
& Klassen, 2013). As such, the concerted effort of many researchers has been to bring
the underlying basis of the disorder into focus and to consider fully ways of optimising
treatment outcomes. Indeed, advances in treatment for DCD are tied to the development
of brain-behaviour models for the disorder and knowledge of the contribution of motor
and cognitive factors.
In two recent systematic reviews of the DCD literature, available evidence was
analysed (Adams, Lust, Wilson, & Steenbergen, 2014; Wilson, Ruddock, SmitsEngelsman, Polatajko, & Blank, 2013) to reveal a prime underlying deficit in predictive
motor control and learning—also termed the internal modelling deficit (IMD) (Wilson &
Butson, 2007; Wilson et al., 2013). While a detailed description of this account is beyond
the scope of this paper, it suffices to say that predictive control is critical to online motor
control, the general stability of the motor system, and motor learning; online control is
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based on forward estimates of limb position (Desmurget & Grafton, 2003). Without motor
prediction, the performer is unable to anticipate the impending consequences of action
and is reliant on slower feedback control based on sensory inputs alone (Pisella et al.,
2004; Pisella et al., 2009). This slower mode of control explains the signature kinematics
of movement seen in DCD: slower performance, increased jerk, poor perceptual-motor
coupling (Kagerer, Bo, Contreras-Vidal, & Clark, 2004; Kagerer, Contreras-Vidal, Bo, &
Clark, 2006), reduced smoothness, and multiple corrective movements (Wilson et al.,
2013). Also strongly associated with their problems of predictive control is a reduced
ability to imagine a motor act (esp. from a first-person perspective), which has been
shown repeatedly in research using mental limb rotation and visually guided pointing
tasks (Adams et al., 2014). Indeed, other work shows that motor imagery ability is
correlated with the ability to implement online (reach) corrections in healthy adults
(Hyde, Wilmut, Fuelscher, & Williams, 2013) and children with DCD (Fuelscher, Williams,
Enticott, & Hyde, 2015).
Motor imagery that is well developed conforms to the same physiological and
biomechanical constraints as real movement (Wilson et al., 2013) and shares a common
neural network with key aspects of motor planning and prediction (Gatti et al., 2013). This
network includes prefrontal, posterior parietal and cerebellar cortices, as well as basal
ganglia. Imagery deficits are likely to involve this same network and methods to train
motor imagery in DCD will tap existing neuroplasticity within it.
In an earlier study we showed that motor imagery training enlisting peer modelling
and verbal cuing can improve motor performance in DCD (Wilson et al., 2002). A cohort of
54 children of below-average motor skill was randomly assigned to one of three intervention
groups: motor imagery training, perceptual-motor training (PMT) or wait-list control. The
motor imagery training consisted of three main components: action observation of skilled
peers performing fundamental motor skills (presented using digital video), mental reproduction
of the observed movement from a 3rd-person perspective, and internal simulation of the same
movement from a 1st-person perspective. The PMT consisted of a suite of fine- and grossmotor tasks that commonly form part of the training repertoire of occupational therapists, an
approach with a sound evidential base (Smits-Engelsman et al., 2013). A short course of training
(or five x 1-hour sessions) resulted in significant gains in movement skill in the motor imagery
and PMT groups; as reflected by improved performance on the mABC. Effect sizes were
moderate-to-large and did not differ between these two groups. However, the children were
not fully representative of DCD, with a number entering the study with motor ability levels lying
between the 15th and 50th percentile. Surprisingly, no motor imagery intervention study of DCD
has been published since 2002 and few targeting children with cerebral palsy (CP). The closest
we see is in the CP area, conducted by Sgandurra and colleagues (2013), who showed that
three weeks of action observation training – but without explicit motor imagery training
– could enhance daily upper-limb activities, post-test, as measured by the Assisting Hand

142

Assessment (AHA). However, Sgandurra and colleagues failed to include a no-treatment
control group, which limits the impact of these findings. In other areas of neurodisability
like stroke or traumatic brain injury, there is good evidence that motor imagery training
does afford meaningful change in performance and some transfer to everyday function
(Hovington & Brouwer, 2010; Schuster et al., 2011). For example, Bajaj, Butler, Drake,
and Dhamala (2015) have recently shown behavioural and neural changes in response
to a concentrated period of motor imagery training (60 hours over a two- to seven-week
period); enhanced connectivity between premotor cortex and primary motor cortex was
noted, in particular.
The aim of the study presented here was to replicate and extend the results of the earlier
study of motor imagery training in children with movement skill difficulties, this time using a
cohort screened rigorously for DCD. Using our previously validated computer-administered
system for motor imagery training (ImaginactionTM), we compared motor imagery, PMT
and no-training groups. We predicted that motor imagery training would yield significant
training effects on measures of movement skill, comparable to those achieved using
PMT. These results would provide additional support for the hypothesis that DCD reflects
impairment in the predictive control of action.

7.2 Method
7.2.1 Participants
We initially recruited 42 children with motor coordination difficulties, referred for
testing using a previously validated method (Wilson & Maruff, 1999; Wilson, Maruff, &
McKenzie, 1997). First, physical education teachers from seven independent schools in
metropolitan and country Victoria area identified children in Grades 2 to 6 (age 7 - 12
years) who showed difficulties in movement skill that interfered with their academic
achievement and/or activities of daily living (Criterion B, DSM-5). Parents confirmed that
the skill difficulties had emerged during the early childhood period (Criterion C). Exclusion
criteria included a current or past history of neurological disease including head injury,
psychiatric disorders or attention deficit disorder (Criterion D). This information was
provided by parents using a background questionnaire. Second, referred children were
tested on the Movement Assessment Battery for Children (mABC)2 and were included
in the study if their performance fell below the 10th percentile for their age (Criterion

2

At the time of the study (pre 2007), only the first edition of the mABC was available; then, as now
(mABC-2), it is regarded as the most psychometrically robust measure of motor assessment available
(Blank et al., 2012).

143

7

Chapter 7 | Motor imagery training for DCD – a replication study

A). After initial screening and randomised allocation to groups (blocked according to
age), six children were unable to complete the intervention due to competing family
commitments, leaving 36: 12 for motor imagery, 13 for PMT, and 11 controls. The mean
mABC-Total Impairment Score (mABC-TIS) at pre-test for the imagery group was 19.54
(SE = 2.17; Range: 11.5 – 30.5), for the PMT group, 19.15 (SE = 2.11; Range: 11.5 – 35.0),
and for the control group, 16.05 (SE = 1.36; Range: 11.5 - 26.5). The equivalent (average)
percentile rank for the three groups at pre-test was ≤ 2 according to mABC norms, with no
significant difference between groups, p = .413.
All children and their parents gave their informed consent to participate, and the
research protocol was approved by an institutional human research ethics committee
(HREC) under the auspices of RMIT University in Melbourne.

7.2.2 Design
A randomised control trial was conducted using pre and post measurement of motor
function. The three intervention groups were: (1) motor imagery training, (2) traditional
PMT, and (3) wait-list control. All children were assessed at pre- and post-test by a trained
evaluator who was blind to their group membership.

7.2.3 Intervention
All children were assessed and trained individually under one of the three training
conditions. The protocols mirrored those used by Wilson and colleagues (Wilson et al.,
2002); as such, the description below is abbreviated.

7.2.3.1 Imagery training group
Children here received imagery training based on our earlier training protocol. Exercises
were displayed on a 19-inch LCD monitor (ToshibaTM). The protocol had six components:
(a) visual imagery exercises involving predictive timing, e.g., a continuation timing
task that required the child to anticipate the time a moving object would take to travel
between two locations; (b) relaxation protocol and mental preparation including a
procedure for progressive muscle relaxation; (c) visual modelling of fundamental motor
skills; (d) mental rehearsal of skills from an external perspective; (e) mental rehearsal
of skills from an internal perspective, and (f) overt practice involving several repetitions
of the skill with mental rehearsal between each. These components and their ordering
conformed to validated procedures in the mental training literature (Smith, Wright,
Allsopp, & Westhead, 2007). Each component is described in detail by Wilson et al.
(2002). Six fundamental motor skills were the focus of imagery training: catching a
tennis ball, throwing a tennis ball, striking a softball, jumping to a target using a two-leg
take-off, balancing a ball on a bat while walking, and placing objects using a form board.
These skills were presented as digital video, modelled by male and female peers who
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were considered well coordinated for their age. The skills were shown at several angles
of regard including behind, above and to the side of the performance plane. It should be
stressed that components (c), (d) and (e) involved both action observation and motor
imagery (Vogt et al., 2013) which are considered the core aspects of motor simulation
in current thinking. Each child in this group received 5 hours (or 300 min) of individual
training by the research assistant/therapist in a series of 60-minute sessions conducted
once a week for five weeks. A more detailed training manual for teachers and instructors
is available from the authors.

7.2.3.2 Traditional PMT group
Treatment consisted of a combination of gross-, fine-, and perceptual-motor activities
tailored to the needs of the individual child and consistent with standard physical
therapy and OT practices for DCD (Peens, Pienaar, & Nienaber, 2008; Schoemaker,
Hijlkema, & Kalverboer, 1994). The program included various static and dynamic balance
activities using hoops, low beams, fitballs, ropes, and mini trampoline; minor ball games;
pegboard games; origami; and drawing activities. The approach was collaborative and
child-centred. Individual training sessions of 60 min duration were conducted once a
week for five weeks by a trained research assistant/therapist.

7.2.3.3 Wait-list control group
Contact with these children was for motor assessment only at each phase. At the
completion of the study, parents were offered treatment services considered most
appropriate to their needs.

7.2.4 Outcome Measures
Considered the nearest thing to a gold standard in motor assessment (Blank et al., 2012),
the mABC was used to identify DCD and assess the effect of intervention. It evaluates
movement skill in children aged four to 12 years under three subtests: Manual Dexterity
(e.g., placing pegs on a pegboard, tracing, threading, etc.), Ball Skills (catching and
throwing tasks), and Static and Dynamic Balance (static balance, heel-toe walking,
hopping, jumping into squares, etc.). The complement of tasks varies somewhat across
the four age bands. Overall performance is expressed as a mABC-TIS with an associated
percentile rank in relation to age norms. High mABC-TIS scores indicate greater levels of
motor impairment. Change scores on mABC-TIS were also calculated: Post-test scores
were subtracted from pre-test with positive scores indicating improved movement skill.

7.2.5 Procedure
All motor assessments and training were conducted on site in participating schools.
Large open space, multi-purpose rooms were used, with limited ambient noise.
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Trained movement scientists who completed the motor assessment were blind to
group membership. Treatments were provided by two research assistants with training
in exercise science and experience in approaches to perceptual-motor therapy. The
assistant responsible for the delivery of imagery training was also trained in the protocol
and use of the computer-assisted induction.

7.2.6 Data Analysis
Power calculations were conducted to determine a minimum sample size. In anticipation
of large effect sizes in the order of r = 0.70 (d = 1.5) (Wilson et al., 2002), we determined
that a minimum of 10 participants per group would yield sufficient power (0.80) (Hinkle,
Wiersma, & Jurs, 2003). For each child, mABC-TIS and percentile equivalents were
calculated at pre- (Hinkle et al., 2003) and post-test. Change scores were calculated for
each child as the difference between the total impairment score on the mABC at pre-test
and the score at post-test; positive scores indicate improved performance. All statistical
analyses were conducted using SPSS (version 23). In lieu of earlier results (Wilson et al.,
2002) and to optimise statistical power, two planned contrasts were conducted on change
scores. The first contrast tested whether intervention was more effective than a wait-list control
group: compared was the weighted average of the two intervention groups against the control
group. The second contrast tested whether the imagery and PMT training conditions differed.
For each group, estimates of treatment effect size (r) were also calculated for pre-post
differences on the mABC and interpreted according to the conventions of Cohen (1988).
To investigate whether the severity of DCD was associated with the magnitude of
treatment effects, Pearson correlations were calculated between mABC-TIS at screening
and change scores in response to intervention; this was conducted separately for each group.
Finally, we examined the number of children in each treatment group whose change
score exceeded the smallest detectable difference (SDD), calculated as SDD = 1.96 x √(2 x
SEM). The SEM (1.03) was determined using average estimates of test-retest reliability,
0.95 (Croce, Horvat, & McCarthy, 2001) and SD for total standardisation sample, 4.6
(Henderson & Sugden, 1992). Hence, SDD was calculated at 2.81.

7.3 Results
7.3.1 Planned contrasts on Total mABC scores
For each group, score distributions for pre- and post-test data were analysed for outliers (z
equivalent > 2.5 or < -2.5). No outliers were identified for any group. Full descriptive statistics
for each treatment group on the mABC are presented in Table 7.1. Mean mABC impairment
scores for each group are also shown in Figure 7.1.
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Table 7.1. - Motor performance outcomes for each treatment group on the MABC (MABCTIS).
Group
Imagery

Pre-Test
Mean (SE)

Post-Test
Mean (SE)

Min Max

Change Score
Mean (SE) [95% CI]

Effect size, Pre-Post (r)

Min Max

19.5 (2.2)

11.5, 30.5

15.8 (1.8)

7.0, 26.0

3.79 (0.76) [2.13, 5.46]

0.84

PMT

19.2 (2.1)

11.5, 35.0

15.3 (2.2)

2.5, 32.0

3.89 (1.17) [1.34, 6.43]

0.70

Control

16.0 (1.4)

11.5, 26.5

15.4 (2.0)

5.5, 27.0

0.64 (1.40) [-2.48,
3.76]

0.14

The average change score for the three groups was 3.79 (SE = 0.76) for the imagerytraining group, 3.89 (SE = 1.17) for the PMT group, and 0.64 (SE = 1.40) for wait-list
controls. The first planned contrast on change scores showed that the two intervention
groups (on average) achieved significantly higher change scores than controls, t(33) = 2.26,
p = .030, r = .37. The second contrast confirmed no significant difference between the two
intervention groups, t(33) < 1, p = .953, r = .14.
Finally, (pre-post) treatment effect sizes were calculated for each group. The effect was
large for both imagery (r = .84) and PMT (r = .70) groups, while that for controls was small
(r = .14).

7

Figure 7.1. – Mean total impairment scores on the mABC for the Imagery training, Perceptualmotor training (PMT) and Control groups at pre- and post-test. (Note: High scores indicate
greater motor impairment).
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7.3.2 Individual Change Scores
The distribution of change scores was plotted for each group and presented in Figure 7.2.
Most children in the two treatment groups improved their performance on the mABC
between pre- and post-test: 10 of 12 in the imagery group and 10 of 13 in the PMT group,
improved. For the 11 control children, the profile was more varied with a roughly even
distribution above and below the point of zero change. For each intervention group, seven
children had a change score that exceeded the upper limit of the 95% CI for controls.
Finally, relative to our estimate of SDD (2.81), eight children in both the motor imagery
and PMT groups improved their performance above error of measurement, compared
with four controls.

7.3.3 Correlational Analysis
For the imagery group, the correlation between mABC-TIS pre-test and change scores
was of moderate-to-high magnitude and significant, r = .61, p = .037. Thus, the children
with more severe DCD showed increased change score. The correlation for PMT (r = .21)
and control groups (r = -.06) were not significant, each p > .10.

Figure 7.2. – The distribution of individual (pre-post) change scores in the mABC for the
Imagery, Perceptual Motor training (PMT) and Control groups.
(Note: High scores indicate greater improvement).
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7.4 Discussion
7.4.1 General Discussion
The aim of our study was to replicate and extend the hypothesis that a short course of
motor imagery training can facilitate the development of movement skill in children
with DCD and, further, that the magnitude of treatment effects will approximate those
of conventional PMT. These questions bear particular significance for the overarching
IMD account of DCD. Results were broadly in support of our predictions, and showed
reasonable consistency with those of an earlier study (Wilson et al., 2002), despite
differences in the range of initial screening values on the mABC. The following discussion
will examine the main points of confluence between studies (including others on the use
of motor imagery in paediatric neurodisability), as well as inconsistencies in outcomes
across studies. We also discuss implications for the design of intervention programs for
DCD.
Importantly, our planned comparisons showed quite clearly that only the imagery
and PMT groups improved their level of movement skill between pre- and post-test.
Moreover, the magnitude of treatment effects were comparable for these two groups,
both in the moderate-to-large range (r = .84 and .70 for imagery and PMT, respectively).
Interestingly, these effects were similar to those observed in our earlier study
(each r about .60). As well, in both studies, most children in the two treatment groups
(or > 80%) improved their performance from pre- to post-test. These parallels are notable
because children in the current study were more impaired than those of the earlier study:
all met DSM-5 criteria for DCD and had mABC-TIS scores that placed them below the 10th
percentile. For imagery training, there was also a trend for those with more serious DCD
to make the most improvement: the correlation between pre-test mABC-TIS scores and
change scores was 0.61, comparable to a value of 0.68 in Wilson et al. (2002). Unlike the
earlier study, however, there was no significant correlation for the PMT group, and there
was no relationship for controls. Several control children, however, did improve on the
mABC at post-test for reasons we can only speculate on (like a learning effect, reduced
performance anxiety, or simply measurement error). Taken together, the imagery training
protocol can promote significant changes in motor outcome, particularly for children
with more severe DCD (i.e. < 1st %tile). However, the performance of both intervention
groups remained in the impaired range, overall. The extent to which these training
effects (on the mABC) transfer to functional performance remains to be determined.
The absence of follow-up testing was also a limitation of the replication study; such
testing is recommended to assess whether these improvements provide a basis for more
substantial changes in skill and function over time.
Our results here also accord with what is known about the use of motor imagery in
typical development and in children with other neurodevelopmental disorders affecting
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movement. While studies of imagery training in children are relatively few, two recent
studies show that children as young as eight years can benefit from it. A study by
Doussoulin and Rehbein (Doussoulin & Rehbein, 2011) showed that a combination of
motor imagery and action observation (viz modelling) improved both the quality of
movement and throwing proficiency in children aged 8-10 years; indeed, effects were
comparable to physical practice. In a study of adolescents, mental rehearsal followed
by physical practice produced strong gains in free-throw proficiency, exceeding those
of practice alone (Hemayattalab & Movahedi, 2010). In the case of other disorders of
development, imagery has been used to good effect in training motor skills in children
with CP (Sgandurra et al., 2013), mild intellectual disabilities (Screws & Surburg, 1997),
and brain injury (Braun, Beurskens, Borm, Schack, & Wade, 2006; Sharma, Pomeroy, &
Baron, 2006). The common denominator in these studies was the use of action observation
(either in vivo or via video) and the opportunity to execute these same actions within a
short time frame.
The issue of dose may be important in optimising the benefits of motor imagery
training in children. Our dose of five 60-min sessions spread over five weeks is at the
lower range of intensity, whereas there is enough evidence from other intervention work
to suggest that high intensity is better (i.e. a higher dose of therapy achieved via more
frequent training sessions each week, and extended total training time— Schuster et al.,
2011). For motor imagery interventions, dose is generally far less than that seen in taskspecific or physical therapies. However, the effect of intensity applies to both. Reviewed
across medical, psychological and sports literatures, motor imagery interventions with
positive training effects have almost doubled the duration of training compared with
interventions that yield no change or negative results (Schuster et al., 2011). Schuster
showed that the average total dose for studies in a medical/rehabilitation context was
around 380 min (6 hours 20 min, with an average of 23 sessions conducted four times per
week). In the psychology field, average dose was generally less at around 85 min. Of the
133 studies reviewed by Schuster, only nine involved participants under 18 years of age;
none included children with DCD/CP. Intriguingly, the optimal number of sessions per
week was deemed to be 3-4, and the total duration of training in studies yielding positive
findings (mean of around 180 min) was double that of studies yielding no effects. For
physical training, the effects of dose are even clearer. For example, in a recent study of
modified constraint induced movement therapy for children with CP, it was shown that a
dose of up to 60 hours was necessary to impact upper limb skill and positive transfer to
daily occupational activities (Sakzewski et al., 2015); a half dose of 30 hours was deemed
insufficient. Taken together, it is likely that treatment effects for motor imagery training
in children with DCD can be enhanced significantly by greater training intensity, with
positive transfer to functional skill and daily participation as the primary markers of
success. The issue of intensity needs to be a focus of future work.
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Another issue concerns the specificity of training and the likelihood that the simulation
will be more effective for skills that bear a close resemblance to the imagined activity.
It was the case that the imagined tasks were in activities related to those of the mABC.
The simulation (i.e., action observation plus imagined practice) would have primed
the motor networks responsible for these particular actions or similar ones, vis-à-vis
activation of the mirror neuron system (Reynolds, Licari, Elliott, Lay, & Williams, 2015).
The upshot is that the training effects cannot be assumed to transfer to unrelated tasks,
an issue that was not examined in our replication study. To address this limitation, we
require (imagery) intervention studies that assess both near and far transfer in the motor
performance domain.
The growth trajectory of motor imagery over childhood has important implications
for the way motor imagery training might be implemented at different points in
development. Earlier work shows a rapid rise in motor imagery ability between seven
and 12 years, followed by a more gradual progression after mid-to-late adolescence. For
instance, using a measure of explicit motor imagery – the Radial Pointing Task – we have
shown that older children (like young adults) have fairly precise knowledge about how
much time it will take for them to move to targets of different sizes (Smits-Engelsman &
Wilson, 2013b). Correlations between real and imagined performance were high (~ .70)
for 11-13 year-olds group, with a strong response time trade-off with target width. For
younger children aged 5-7 years, the correlation was moderate at around .35, and .60
for mid-aged (8-10 years). Similar trends have been reported in other studies of explicit
imagery (Caeyenberghs, Tsoupas, Wilson, & Smits-Engelsman, 2009). A lesson may
be that the same motor imagery techniques used for children during middle and older
childhood might not yet work on younger children; the cognitive demands not exceed
their processing capabilities.
A limiting factor in younger children’s use of motor imagery is their level of executive
function, particularly inhibitory control (Noten, Wilson, Ruddock, & Steenbergen, 2014).
At a neurocognitive level, older children or those with better cognitive control tend to
couple frontal and posterior association regions more efficiently than younger children,
particularly on tasks with high cognitive and motor demands (Bunge, Dudukovic,
Thomason, Vaidya, & Gabrieli, 2002). Enhanced neural coupling over childhood is also
reflected in the emerging literature on growth connectomics (Vértes & Bullmore, 2015)
which show significant changes in brain architecture and associated graph metrics. Over
childhood and adolescence, brain networks mature gradually from local, proximitybased connectivity patterns, to a more spatially distributed and topological integrative
organization supporting more advanced cognitive and motor functioning (like explicit
use of motor imagery). Moreover, the connections between major modules of the
connectome increase with age as long (white matter) fibre pathways linking the modules
mature together. One of the emergent outcomes of this network structure is the capacity
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to plan and predict the likely consequences of action over various timescales (Pezzulo,
2008).

7.4.2 Limitations of the Study
Our study did not measure the impact of motor imagery training on the ability to engage
imagery per se. There is some evidence that forms of cognitive training addressing
executive functions can engender positive change in the abilities that are a focus of
training - like working memory, for example (Klingberg, 2010). However, there is little in
the developmental literature or in rehabilitation that demonstrates the process-specific
effects of motor imagery training and, indeed, whether these changes predict functional
outcomes in the longer term. The dearth of imagery training studies in DCD may reflect
the challenge and time investment in developing suitable stimulus materials, and
packaging the program as interactive media. The ImaginactionTM protocol, for example,
took nearly one year to develop as part of a funded research project, including the
expertise of graphic design and software development professionals. As well, delivery of
training protocols requires careful attention to detail and an ability to engage children in
what is an unfamiliar skill.
As in our earlier study, we did not include a control group that matched the engagement
of an interested adult in the child’s progress—a so called “cognitive-affective” control.
This control is difficult to achieve in the context of clinical research for practical and
ethical reasons. However, there is a precedent that therapist engagement is an important
factor in treating DCD (Sims, Henderson, Morton, & Hulme, 1996).
Finally, beyond the scope of the study was an examination of the downstream effects
of the intervention on participation. Our focus, instead, was on replicating the earlier
(promising) results for motor imagery training (Wilson et al., 2002). Notwithstanding
this, the true litmus test of any motor intervention for DCD will be its impact on the daily
lives of children, particularly their ability to participate in recreational, educational and
cultural activities. Measures of participation do exist, but their ability to reflect change
over time is not well established, and construct validity itself is questionable for many
scales (Adair, Ullenhag, Keen, Granlund, & Imms, 2015).

7.4.3 Conclusions and Future Directions
Our study replicates and extends an earlier one showing that even a short dose of motor
imagery training can yield strong treatment effects on movement skill in DCD. Indeed,
the magnitude of training effects was comparable between this study and the earlier
one by Wilson et al. (2002), despite differences in the inclusion criteria. In short, we have
strong support for the hypothesis that motor imagery training is a useful modality for
these children, with most showing significant improvements in movement skill, even
after a modest dose of therapy (5 hours). Whether these effects transfer to daily activities
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remains to be investigated. We stress, again, that in most motor imagery protocols,
action observation is also provided, and is deemed an important aspect of the motor
imagery training protocol when provided at regular intervals (Abbruzzese et al., 2015).
As such, it is more accurate to describe such intervention as “action simulation” (Vogt et
al., 2013).
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Abstract
Previous studies have shown that the predictive control
of movements is impaired in children with Developmental
Coordination Disorder (DCD), most likely due to a deficit in the
internal modelling of movements. Motor imagery paradigms have
been used to test this internal modelling deficit. The aim of the
present study is to examine whether a training focused on the
mental imagery of motor skills, can help to improve the motor
abilities of children with DCD. A pre-post design will be used to
examine the motor performance, motor imagery and motor
planning abilities before and after a training of 9 weeks. Two groups
will be included in this study (1) one receiving motor imagery
training focused on the forward modelling of purposive actions,
(2) one receiving Cognitive Orientation to daily Occupational
Performance (CO-OP) training focused on identifying effective
cognitive strategies that will increase motor competence. Motor
imagery training will be given with the use of instruction videos of
the motor skill that will be trained. Both groups will participate in
9 individual sessions of 45 minutes (once a week) with a paediatric
physical or occupational therapist, added with homework sessions.
Inclusion criteria are: (1) aged 7-12 years, (2) meeting the DSM-V
criteria for DCD (motor performance substantially low - score on
the mABC-2 ≤ 16th percentile) and motor problems that interfere
with daily life (DCDQ, and request for help at a paediatric physical
or occupational therapist). Exclusion criteria are IQ < 70 and other
medical conditions causing the motor impairment. The results of
this study will help to make treatment protocols for children with
DCD more evidence-based. This study will increase our knowledge
about the efficacy of both the motor imagery training and CO-OP
training, and both children with DCD and therapists will benefit
from this knowledge.
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8.1 Introduction
Children with Developmental Coordination Disorder (DCD) show motor performance
that is substantially below expected levels, given the child’s chronologic age and
previous opportunities for skill learning (American Psychiatric Association, 2013). The
prevalence estimate for DCD is 5 to 6% (Gaines, Missiuna, Egan, & McLean, 2008), and a
prerequisite for a diagnosis DCD is that these problems with motor skills are significant
enough to interfere with both social and academic functioning. The aetiology of DCD
has been examined in several studies which reveal a number of viable hypotheses
including reduced processing speed, problems in executive functioning, poor crossmodel integration, and poor perceptual-motor coupling (for review see Wilson, Ruddock,
Smits-Engelsman, Polatajko, & Blank, 2013). In two recent systematic reviews (Adams,
Lust, Wilson, & Steenbergen, 2014; Wilson et al. 2013) this collective evidence was shown
to reveal an underlying deficit in motor control and learning, linked to the predictive
control of movements. This deficit has also been described as the ‘internal modelling
deficit’ (IMD) (Wilson & Butson, 2007) and is thought to compromise the motor learning
capabilities of children with DCD. Internal models provide stability to the motor system
by predicting the outcome of movements before slow, sensori-motor feedback becomes
available (Wolpert, 1997), providing a means of rapid online correction (Hyde & Wilson
2011a, 2011b) and anticipatory control. We recently showed that children with DCD
indeed experience problems with tasks that are thought to rely on an internal model of
a movement - motor imagery, action planning and rapid online control of movements
(Adams et al. 2014). The impaired performance on these experimental tasks in children
with DCD might be caused by an inaccurate or incomplete internal model of movements.
It is crucial that children with DCD learn to make a comparison between the predicted
and actual sensory feedback, and thereby learn to fine-tune their internal model of
several movements. A motor imagery training, which is focused on the comparison
between the predicted consequences of a movement (by using imagery) and the actual
consequences of a movement, might help children with DCD to improve the predictive
control of movements.
Currently, three main professions provide treatment for children with DCD:
occupational therapy, physical therapy and special education (Blank, Smits-Engelsman,
Polatajko, & Wilson, 2012). Occupational therapists analyze capacities and performance
and develop intervention and therapy solutions for problems related to performance
and participation in close co-operation with the child and parents. Physical therapists
help children to develop and optimize their mobility and movement-related functions.
Educational approaches are not discussed in this study protocol because these approaches
are mainly focused on improving school activities and less focused on improving motor
skills. Occupational therapists and physical therapists both use strategic task-oriented
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approaches like Cognitive Orientation to daily Occupation Performance (CO-OP)
(Miller, Polatajko, Missiuna, Mandich & Macnab, 2001) and also specific task-oriented
interventions like neuromotor task training (NTT) (Niemeijer, Smits-Engelsman, &
Schoemaker, 2007). Both approaches, CO-OP and NTT, are often used in the treatment
of children with DCD (Smits-Engelsman et al., 2013). CO-OP focuses on performance
of the activities that a child needs or wants to master. CO-OP involves improvement of
knowledge of the task, cognitive strategy use, learning and teaching principles, selfinstruction, adaptation of environment and involves the Goal-Plan-Do-Check framework
(Barnhart, Davenport, Epps, & Nordquist, 2003; Miller et al., 2001). Several studies have
shown that the CO-OP intervention is effective to improve motor performance in children
with DCD (Corcoran, Tong, Cameron, & Polatajko, 2005; Miller et al. 2001; Polatajko,
Mandich, Miller, & Macnab, 2001; Zwicker et al., 2015). Recently, Thornton et al. (2015)
showed that CO-OP intervention can also be effective in a group environment. In NTT,
skills are examined through task analysis (Schoemaker & Smits-Engelsman, 2005). A task
is broken down into its component parts if necessary and this will enable to focus on the
main problems in the task (Niemeijer et al., 2007). First, the tasks and activities related
to participation, which are of greatest concern to the child, and his family, need to be
identified and tasks or activities for the training need to be selected. By using motor
teaching strategies, therapists guide children through the different phases of motor
skill learning by gradually increasing task demands. Task and environmental constraints
that impede successful task performance are identified and manipulated in intervention
sessions to provide the opportunity to practice and improve the deficient motor skills
(Schoemaker & Smits-Engelsman, 2015). NTT was shown to yield positive (task-specific)
changes on measures of gross- and fine-motor skill

(Jongmans, Linthorst-Bakker,

Westenberg, & Smits-Engelsman, 2003; Niemeijer et al. 2007; Schoemaker, Niemeijer,
Reynders, & Smits-Engelsman, 2003).
To make children with DCD more aware of how they can predict the consequences
of executed movements, and the comparison that can be made between predicted and
actual sensory feedback, motor imagery training can be used. Motor imagery training was
first and only used in children with a lower score for motor skills (Movement assessment
battery for children (mABC) percentile score < 50th) by Wilson, Thomas & Maruff (2002).
This study showed that after 5 hours of individual training, the motor imagery training
group significantly improved their motor skills as measured by the mABC, while the
wait list control group showed no significant improvements. Motor imagery involves the
imagination of moving specific body parts without the actual movement of those parts.
During motor imagery, the participant is asked to imagine making a certain movement,
which is expected to facilitate the participant in predicting the consequences of actions
in absence of the overt movement. In combination with continued actual practice,
participants use the knowledge of the relation between vision and kinaesthesis to make
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accurate predictions of the consequences of self-produced movements, which will
reduce the errors in feedforward planning (Blank et al., 2012). Motor imagery training
can help to build motor representations that are needed to improve predictive control.
Notably, in athletes, a structured program of motor imagery can lead to an improvement
of performance (Janssen & Sheikh, 1994) and also in a rehabilitation context it has
been proven that motor imagery training can enhance motor recovery after stroke
(Sharma, Pomeroy & Baron, 2006). In the systematic review of Schuster et al. (2011) it
was indicated that motor imagery training is evaluated in more than 100 studies with
adults. However, only a restricted number of studies have used motor imagery training in
children (Schuster, et al. 2011). An important difference in motor imagery training used in
athletes and post-stroke patients compared to its use in children is that the former group
of individuals are capable or have been capable before to perform a selected movement.
In children, motor imagery training is used to learn motor abilities that they do not yet
master. The rationale for using motor imagery training to promote the (re)learning of
motor function arises from the functional correlates that motor imagery shares with the
execution of physical movements. It is now recognized that the duration of mentally
simulated actions usually correlates well with the duration of real movements, indicating
that the simulation of movements evokes similar autonomic responses and that the
imagination of an action or its physical execution engage largely similar neural networks
(Decety & Boisson, 1990; Hetu, et al., 2013; Malouin, Richards, Jackson, Dumas, Doyon,
2003). Motor imagery training has already been described as an approach for children
with DCD, but it is not recommended yet because there is a lack of solid empirical
evidence (Blank et al., 2012). In addition, in the study of Wilson et al. (2002), only 61% of
the sample scored below the 15th percentile. The present study will be the first study that
examines the effectiveness of a motor imagery training protocol in children who meet
the DSM-V diagnostic criteria for DCD. The objectives of this study are:
1. To study the effectiveness of motor imagery training compared to the in the EACD
guideline recommended CO-OP training for improving the motor abilities of children
with DCD;
2. To examine the relation between motor imagery ability and improvement in the motor
abilities via motor imagery training in children with DCD;
3. To assess patient and therapist satisfaction when applying motor imagery training;

8.2 Methods
8.2.1 Design
This study is a randomized controlled multicenter trial with two rehabilitation centers
and 17 private practices for occupational and physical therapy across the Netherlands
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who are willing to co-operate. Therapists will participate in an instructive workshop about
the motor imagery or CO-OP training. Motor imagery training will be compared to COOP training, a recommended therapy for children with DCD. Motor imagery therapists
will participate in an instructional course of 3 hours, before the start of the study. CO-OP
therapists have followed a two-day CO-OP training as designed by Polatajko and Mandich
(2004). For the present study they will also participate in a short training of 1.5 hours
to update their knowledge of the CO-OP training and assure a standardized protocol.
Children that meet the inclusion criteria for this study, will be randomly allocated to
either the motor imagery or CO-OP training group (Figure 8.1). Children in the motor
imagery and CO-OP group will receive the same amount therapist contact and training
time as well as homework exercises.

Children aged 7-12 years,
with motor problems

Assessed for eligibility based on
questionnaires and baseline
assessment (T0)

Randomization of participants

Motor imagery training:
9 sessions of 45 minutes +
weekly 4 x 10 minutes homework

Post intervention assessment (T1)

Figure 8.1. – Flow of patients through the study
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CO-OP training:
9 sessions of 45 minutes +
weekly 4 x 10 minutes homework

8.2.2 Patient population
All children between the ages of 7 and 12 years admitted at the rehabilitation centers
and private practices for occupational and physical therapy for training of their motor
abilities in the participating centers will be considered for inclusion. They will be offered
participation in the study if they fulfill all of the following criteria (according to the DSM-V
criteria for DCD - American Psychiatric Association, 2013):
- Motor ability substantially below expected level given the chronological age of the child
(criterion A). The Movement Assessment Battery for Children (mABC - 2nd edition) will
be used to assess the motor abilities (Smits-Engelsman, 2010). A total percentile score
≤ 16th or a component score ≤ 5th is needed for inclusion.
- Motor impairment significantly interferes with daily life and/or academic achievement
(criterion B). Only children that are referred to the centers for training of their motor
abilities are included in this study. Referral for training of motor abilities is a strong
indication that the motor impairment either causes problems in daily life, or with
academic achievement. In addition, as recommended, the DCD Questionnaire (DCDQ)
will be used to assess whether the motor impairment has an impact on the daily life or
academic achievement of the child (Dutch translation DCD-Q - Schoemaker, ReindersMesselink, De Kloet, 2008).
- Onset of symptoms is in the early developmental period (criterion C) as evidenced by
their referral to a centre for training of their motor abilities between the ages of 7-12
years.
- No medical condition that could cause the motor impairment is known and IQ ≥ 70
(criterion D). This will be checked by using a health questionnaire that will be filled in
by the parents/caregivers of the participating children. If parents do not report learning
difficulties and the child attends a regular primary school, an IQ ≥ 70 is assumed. When
attending special education, parents are asked to fill in the latest IQ score of their child.
In addition to the above mentioned criteria, attentional problems are assessed by using
the attention deficit hyperactivity disorder (ADHD) questionnaire (Scholte & van der
Ploeg, 2004). Parents/caregivers of participating children will be asked to fill in this
questionnaire to be able to check in the off-line analysis if attentional problems are a
confounder.

8.2.3 Interventions
Both the motor imagery and CO-OP intervention will be delivered for 9 weeks with 1
training session per week of 45 minutes. Additionally, participating children receive a
homework booklet from their therapist and are required to practice 4 times a week for
10 minutes at home. Homework will be recorded by use of a diary. The number of 9
sessions was chosen because earlier studies on motor imagery training in children with
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DCD (Wilson et al. 2002) and CO-OP training (Miller et al., 2001; Polatajko et al. 2001;
Thornton, et al. 2015) showed a training effect in the intervention group using 5 – 10
sessions. The 1 session per week was chosen as this was the most feasible schedule in
both the rehabilitation centers and private practices, and has also been used in earlier
studies on motor imagery training (Wilson, et al., 2002). For the CO-OP training it is not
specified whether sessions should be once a week or more or less frequent (Polatajko
& Mandich, 2004; Polatajko et al., 2001), but a recent study showing the effectiveness
of a CO-OP intervention has also used sessions once a week (Thornton et al. 2015). Two
self-chosen skills that are important for the child to learn will be selected for training
during the 9 week intervention period (Blank et al., 2012). The Motor Coordination
Questionnaire (MCQ) will be filled in by both the parents and the children (guided by
the therapist) to examine which motor skills are difficult for the child to perform (part
A), and which motor skills are important for the child to master (part B). Using these two
parts of the questionnaire, the therapist will help the child to choose two skills that will
be targeted during the intervention period.

8.2.3.1 Motor imagery training
In the review of Malouin, Jackson and Richards (2013) three modes of motor imagery
delivery are discussed: (1) the motor imagery and physical practice are provided in separate
sessions with motor imagery training delivered either through audiotaped (or videotaped)
scripts or guided by a therapist on a one to one basis, (2) motor imagery and physical
practice are provided in the same session with series of physical repetitions alternating
with the mental repetitions, (3) motor imagery alone. In a study of Courtine, Papaxanthis,
Gentili & Pozzo (2004), it was found that the timing (functional equivalence) of the motor
task that is mentally rehearsed improved when motor imagery was alternated with physical
repetitions within the same session. The process of forward internal modelling is depicted
schematically in Figure 8.2. Internal modelling comprises two aspects: an inverse modelling
process that maps the necessary motor parameters (e.g. force, timing, trajectory) to
achieve a desired goal state, and forward modelling that uses a predictive estimate of
the sensory consequences of an action as means of error correction (Wolpert, 1997). The
output of the forward model provides a template against which real-time feedback can be
compared under tight temporal constraints, and motor output signals can be corrected if
needed (Shadmehr, Smith, & Krakauer, 2010). When a mismatch occurs between predicted
and actually sensory feedback an error signal is generated which provides an opportunity
to correct movements online, but also helps to make the forward model for the next
movement more accurate (Courtine et al., 2004). This suggests that afferent information
during actual execution of a movement is helpful for consistent reproduction of the next
imagined movement. Therefore, in the current study a combination of motor imagery and
physical practice is used within the same session.
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Figure 8.2. – Forward model of motor control (adapted from Bubic, von Cramon, & Schubotz,
2010)

In addition, the PETTLEP model was used to design the current motor imagery training.
The PETLEPP model was developed by Holmes and Collins in 2001 (Holmes & Collins,
2001). The model is based on neuroscience research findings, particularly the discovery
that the same neurophysiological processes underlie imagery and actual movement
(Decety & Jeannerod, 1996). This ‘functional equivalence’ provides a possible explanation
for the improvements of performance after imagery training (Jeannerod, 1995). The
PETTLEP acronym relates to important components when implementing motor-based
imagery interventions, namely: Physical, Environment, Task, Timing, Learning, Emotion
and Perspective components. These seven components, as described by Holmes and
Collins (2001), are summarized here:
(I) P
 hysical: imagery is more effective when it includes all of the senses that would
be engaged, and kinesthetic sensations that would be experienced, during actual
performance.
(II) E
 nvironment: It is important to imagine the performance in an environment that is
as similar as possible to the actual performing environment, to be able to access the
same motor representation. If a similar environment is not possible, photographs or
videotapes can be used (Smith, Holmes, Whitemore, Collins, & Devonport (2001).
(III) T
 ask: The imagined task needs to be closely matched to the actual task. The participant
should be encouraged to verbally report physiological and behavioural involvement,
to emphasize a kinesthetic orientation toward the imagery (Smith, Wright, Allsopp,
& Westhead, 2007).
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(IV) T
 iming: Equivalence in timing between the imagined and executed movement is
important. To be able to access the same motor representation during motor imagery
as during the execution of a movement, the temporal characteristics should be the
same (Holmes & Collins, 2001).
(V) Learning: The imagery content needs to be adapted to the skill learning stage that
the performer is currently in and moves from cognitive to autonomous. First the
performer will have to think more about the technique, but in later stages of imagery
the performer can focus more on the ‘feel’ of the movement (Smith, et al., 2007).
(VI) E
 motion: To achieve optimal functional equivalence, the person should try
to experience all of the emotions associated with the performance. This is in
accordance with Lang (1985) and Cuthbert, Vrana and Bradley (1991) who suggest
that the performer’s emotional responses must be included in imagery . The affective
response during motor imagery is best shown through the autonomic system (Decety,
1996a). When faced with a physiological challenge, heart rate and respiration rate
change already during motor preparation and subsequently in execution that reflect
alterations in the energetic state of the performer (Smith & Collins, 1992).
(VII) P
 erspective: From a functional equivalence perspective, imagery from a 1st person
perspective (a representation of the self in action) is preferable because it is more
closely related to the performer’s view when actual performing the movement.
In the current study, these PETLEPP elements are incorporated by using videos
of two self-chosen skills that are important for the child to learn. The physical and
environmental components are included by using these videos but also by coaching of
the therapist to encourage including senses such as touch and hearing. The task and
timing component are shown in the video and the participant should try to imagine the
task that is displayed in the video and timing should be closely matched to the actual
performance. The learning component is reflected in the video, in which motor skills are
shown and subdivided into constituent sub movements or parts of the task. For instance
in the video for writing, it is shown first how to sit at the table, secondly how to position
the paper on the table, thirdly to ensure that the tip of the pen can be seen, fourthly to
ensure that the pen moves smoothly over the paper and fifthly how to ensure that the
paper does not move while writing. In addition, subsequent levels of the motor skill are
shown in the videos. The therapist will encourage the child to also include emotional
responses in the imagery, the emotional component, to make the imagery more vivid (for
example, the therapist can ask the child how he feels during successful and unsuccessful
performance). The perspective component is reflected because videos are first shown
from a 3rd person perspective, followed by a video from a 1st person perspective, to evoke
a vivid representation of the selected motor skill. The videos from a 3rd person perspective
are shown to allow the performer to ‘see’ which positions and movements are needed to
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perform the skill (Hardy & Callow, 1999). This also reflects to the learning component of
the PETLEPP model, participants can first focus on the technique of the movement by
watching the video from a 3rd person perspective, followed by the video from a 1st person
perspective where they can focus more on the ‘feel’ of the movement as if they were
doing it themselves.
The training protocol consists of several parts that will be run through every training
session: (a) discuss homework of the past week and determine goal of current session
(10 minutes), (b) watch videos of selected motor skill from 3rd person perspective and
1st person perspective, followed by mental rehearsal of this motor skill (10 minutes),
(c) overt practice of the motor skill (10 minutes), (d) alternating mental rehearsal and
overt practice of the motor skill, and compare and reflect on overt practice and mental
rehearsal (10 minutes); (e) explaining homework for next week, advice for parents
to motivate their child, goal of upcoming week (5 minutes). Videos of the following
motor skills are provided by the researchers to the therapists: (a) Running and playing
tag, (b) Throwing and catching a ball, (c) Hopping and playing hopscotch, (d) Jumping
(amongst others rope skipping), (e) Bicycling, (f) Playing baseball, (g) Playing tennis, (h)
Handwriting, and (i) Eating with cutlery. On the videos the performance of the skill by a
child aged 7-12 years is shown. If therapists want to train another motor skill with the
child, they can record a short video themselves. Time practicing the two selected motor
skills will be evenly distributed.

8.2.3.2 CO-OP training
Like the motor imagery training, the CO-OP training will focus on the acquisition of two
self-chosen skills that are important for the child to learn. CO-OP is expected to improve
the knowledge of the task through cognitive strategy use. CO-OP approach is based
on cognitive behaviour modification theories, in particular the verbal self-instruction
strategy developed by Meichenbaum (1977). During a CO-OP intervention, a child learns
this self-instruction strategy, which enables the child to identify why the performance was
not successful, and to invent and execute plans to correct his/her performance (the goalplan-do-check strategy) (Barnhart et al., 2003). It is based on the belief that when a child
guides himself through a problem-solving task by talking aloud, he/she learns to regulate
behaviour by learning how to identify a goal, develop a plan and evaluate the success of
that plan (Sangster, Beninger, Polatajko, & Mandich, 2005). The training protocol consists
of several parts that will be run through every training session: (a) discuss homework last
week and determine goal of current session (10 minutes), (b) practice the selected motor
skill using the Goal-Plan-Do-Check framework (30 minutes), (c) explaining homework for
next week, tips for parents to motivate their child, goal of upcoming week (5 min). Timeon-task of both selected motor skills will be evenly distributed.
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8.2.4 Outcome measures
All tests will be performed by one assessor who is blind to group allocation at baseline
(< 2 weeks before the intervention start) and post treatment (within <2 weeks after last
treatment).The assessor will be trained in the testing procedures before the start of this study.

8.2.4.1 Primary outcome measure – mABC-2
The primary outcome measure is the score on the mABC-2 (Dutch translation - SmitsEngelsman, 2010), reflecting the fine motor skills, gross motor skills and coordination
abilities.

8.2.4.2 Secondary outcome measures
a. Motor Coordination Questionnaire (MCQ)
Parents will be asked to fill in a questionnaire about 16 motor skills before and after the
intervention, the MCQ. Prior to the start of the intervention, they are asked how well
their child is at performing these motor skills (part A), and how important it is for their
child to perform well on these motor skills (part B). Children are also asked to fill out this
questionnaire during the first training session. Parents and children can complement the
questionnaire, with motor skills that are not present on the questionnaire, but important
for their child to master. The answers help to choose the motor skills that will be trained
during the intervention. After the intervention, parents and children will be asked to fill
out this questionnaire again, however in addition to questions focusing on how well the
child is able to perform the motor skills (part A), it is asked whether they think that the
child has become better or worse in performing these motor skills (part C). All answers
need to be filled out on a 5-point Likert scale. The score on the MCQ will serve as an
evaluation of the perceived improvement of motor skills of both participating children
and their parents.

b. Video- analysis of the trained motor skills
Because motor learning is highly task-specific, general motor tests may not fully capture
the change in trained skills that have few elements in common with the test items
(for instance riding a bicycle). Therefore, the two self-selected motor skills will also be
video recorded at the beginning of the first training session and at the end of the last
training session. An independent assessor that is blind to group allocation and the time
of recording will score the critical differences in execution of these skills. These outcome
parameters will be more specific to the two trained motor skills than the mABC-2 score.
In case the trained skill is handwriting, a standardized handwriting test (SOS-2 - SmitsEngelsman, Stevens, Vrenken, & Van Hagen, 2005; van Waelvelde, de Mey, & SmitsEngelsman, 2012) will be used to evaluate the training effect.

166

c. Motor imagery performance
In earlier studies several tasks have been used that are thought to rely on an internal
model of a movement – motor imagery, action planning, and rapid online control of
movements. Motor imagery performance will be tested with two tasks in this study,
the hand rotation task (ter Horst, van Lier, & Steenbergen, 2010) and the radial visual
guided pointing task (Smits-Engelsman & Wilson, 2013b). These two tasks are used
because they are based on distinct concepts. In the hand rotation task an on-line, realtime representation of the body position is used, also called the ‘body schema’ (Coslett,
1998; Wolpert & Gharhramani, 2000). In contrast, in the radial visual guided pointing task
an internal representation of the pointing movement is used to determine how long it
takes to perform the task mentally, and this representation is mainly built by repeating
practice and is less based on the body schema.

d. Action planning performance
In addition, a task to measure anticipatory action planning is assessed. Action planning
can be defined as the ability to take the constraints of the action task and its goal into
account when first taking hold of an object (Johnson-Frey, McCarty, & Keen, 2004).
Tasks that examine action planning are also thought to rely on an internal model
of a movement. We will use the sword task (Craje, Aarts, Nijhuis-van der Sanden, &
Steenbergen, 2010); Jongbloed-Pereboom, Nijhuis-van der Sanden, Saraber-Schiphorst,
Craje, & Steenbergen, 2013), that has been previously used and validated in children. This
task is specifically designed to measure action planning in children.

e. Rapid online control
The online control of movements requires that the motor system predicts the future
location of the moving limb using a forward internal model (Desmurget & Grafton, 2003;
Wolpert, 1997). During target-directed reaching, the nervous system must implement
rapid changes in trajectory in-flight, if the movement is perturbed in some way or in the
event of a visually detected change in the environment. Experimentally, the operation of
these internal feedback loops has been examined in children with DCD using double-step
perturbation paradigms (Hyde & Wilson 2011a, b). In this study, we will also examine the
detection and correction of online perturbations with the double step reaching paradigm.

f. Feasibility of motor imagery training protocol
Therapists that have provided the motor imagery or CO-OP will be asked to share their
experiences and suggestions for improvement of the training after the intervention
period. In addition, we will ask the children to fill in the Enjoyment Scale after the
intervention period. The Enjoyment Scale is a 5 point scale with smiley faces (0 is no
fun at all; 4 is super fun) that has been developed by Jelsma, Geuze, Mombarg, and
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Smits-Engelsman (2014). Using the scale, we can examine whether children enjoyed the
therapy, and if this is related to the overall performance score.

8.2.5 Ethical approval
The motor imagery training study has been approved by the Committee on Research
Involving Human Subjects of the region Arnhem-Nijmegen in the Netherlands (protocol
number 2013/463) and will be conducted in conformance with the ‘Declaration of Helsinki’.
Written informed consent for participation of the parents of the children will be obtained.
The trial is registered at the Dutch trial register, www.trialregister.nl (NTR5471).

8.2.6 Sample size
The smallest detectable difference (SDD 95%), regarded as clinically relevant of the
mABC-2 as reported in the manual is two standard scores (Smits-Engelsman, 2010). Using
the SDD 95% as the cut off, it will be established how many of the children improved
their total standard score on the mABC-2 in the two groups. The number of participants
is based on this SDD 95%, with a statistical power of 80% and an α = 5% (two-tailed).
Because the main question is whether the motor imagery training group has a greater
improvement of motor abilities than the CO-OP training group after the intervention, the
sample size calculation is based on the difference between the motor imagery and COOP training on the mABC-2 change score (before and after training). Power calculations
yielded a required sample size of 58 participants, 29 participants in each group.

8.2.7 Statistical analysis
Statistical methods to assess differences between groups will be ANOVA and ANCOVA
analyses and Mann Whitney U tests. Between group comparisons will be made for primary
and secondary outcome measures. Effect sizes (D) will be calculated to determine the
practical significance of these differences. D-values greater than 0.5 indicate a moderate
and values greater than 0.8 will indicate a large practical significance (Cohen, 1969).
Potential confounders, such as age, gender and score on the ADHD questionnaire, will
be included in an ANCOVA.

8.2.8 Study organization
The study is organized and coordinated by the Radboud University in Nijmegen, the
Netherlands. Collaborating institutions are 2 rehabilitation centers in the Netherlands
and 17 private practices for occupational and physical therapy across the Netherlands.
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8.3 Discussion
Motor imagery training is already described as a possible treatment for children with
DCD (Blank et al., 2012), but it is not recommended yet because there is only one study
available (Wilson et al., 2002). The study of Wilson et al. (2002) showed training effects
comparable to conventional physical therapy. However, 39% of the sample had a test
score within the low normal range on the mABC. Therefore, conclusions about motor
imagery training for DCD should be interpreted with care. It is important to study whether
motor imagery training is also effective in a population with scores in the clinical range of
the mABC-2 that meet the DSM-V diagnostic criteria for DCD.
Moreover, the multicenter character of the study will increase the generalizability of
study results across different rehabilitation centers and private practices for occupational
and physical therapy. The present study will also provide an opportunity to evaluate the
feasibility of motor imagery training both from the therapists’ and children’s point of view.
As a result, the present study will also help to gather information needed to implement
motor imagery training on a larger scale. This study will increase our knowledge about
the efficacy of both the motor imagery training and CO-OP training, and therefore will
help to make treatment protocols for children with DCD more evidence-based, from
which both children with DCD and therapists will benefit.
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Abstract
Children with Developmental Coordination Disorder (DCD)
experience movement difficulties that may be linked to processes
involved in motor imagery. This paper discusses recent advances in
theory that underpin the use of motor imagery training for children
with Developmental Coordination Disorder (DCD). This knowledge
is translated in a new motor imagery training protocol which is
compared with the Cognitive Orientation to daily Occupational
Performance (CO-OP). Children meeting DSM-5 criteria for
DCD were assigned to motor imagery (n = 4) or CO-OP (n = 4)
interventions and completed 9 treatment sessions, including
homework exercises. Results were positive, with two children in
the motor imagery group and three in the CO-OP group improving
their mABC-2 score by ≥ 2 standard scores, interpreted as a
clinically meaningful change. Moreover, all children and parents
noticed improvements in motor skills after training. This is the first
study to demonstrate the feasibility of a theoretically principled
treatment protocol for motor imagery training in children with
DCD, and extends earlier work.
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9.1 Introduction
Children with Developmental Coordination Disorder (DCD), representing about 5-6% of
the child population, experience movement difficulties that affect their participation in
daily activities (Barnhart, Davenport, Epps, & Nordquist, 2003; Gaines, Missiuna, Egan,
& McLean , 2008). These difficulties have developmental consequences beyond motor
function, and place the child at a significant risk for social, psychological and healthrelated issues, extending into adulthood (Hellgren, Gillberg, Gillberg, & Enerskog, 1993;
Rasmussen & Gillbergen, 2000). Although for the population of children with DCD,
treatment programs are available (such as the cognitive orientation to daily occupational
performance (CO-OP) (Barnhart et al., 2003; Sangster, Beninger, Polatajko, & Mandich,
2005) or neuromotor task training (NTT) (Ferguson, Jelsma, Jelsma, Smits-Engelsman,
2013; Schoemaker, Niemeijer, Reynders, & Smits-Engelsman, 2003; Schoemaker &
Smits-Engelsman, 2005), our understanding of the developmental and neurocognitive
mechanisms involved is still evolving (Adams, Lust, Wilson, & Steenbergen, 2014; Wilson,
Ruddock, Smits-Engelsman, Polatajko, & Blank, 2013). As this knowledge unfolds, so
too will our capacity to refine intervention practices (Wilson, Green, Caeyenberghs,
Steenbergen, & Duckworth, 2016).
Motor performance in children with DCD can be characterized by slow, effortful,
inaccurate, and ill-coordinated movements that are overly dependent on visual feedback
(Deconinck, De Clercq, & Savelsbergh, 2006; Wilson et al., 2013). Importantly, a metaanalysis suggests that deficits in predictive motor control and perceptual-motor coupling
may explain these issues in motor coordination and skill learning (Wilson et al., 2013).
Taking up this lead more specifically, a review by Adams and colleagues (2014) examined
predictive motor control (an aspect of internal modelling) in DCD and provided a
number of new insights into the (neurocognitive) mechanisms that may underlie the
disorder. Studies using a range of experimental paradigms including covert orienting of
visuospatial attention, imagined or simulated pointing, mental rotation of limb- versus
object-based stimuli, predictive control of eye movements, grip force and anticipatory
postural adjustments, and studies on the rapid online control of reaching movements
indicate that children with DCD have a deficit in motor prediction and online control
(Wilson et al., 2013), termed the internal modelling deficit (IMD) hypothesis (Wilson &
Butson, 2007).
Internal modelling is a fundamental concept in motor control and learning (Jeannerod,
2001, 2006; Wolpert, 1997). Internal forward (or predictive) models contribute to
volitional control by anticipating the sensory consequences of a given movement. In the
case of DCD, the IMD hypothesis states that these children have difficulties generating
or implementing predictive models of action leading to incomplete planning of a
forthcoming action and a concomitant over-reliance on slower feedback-based control.
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This is shown by a reduced ability to imagine egocentric transformations of the body, as
in mental rotation tasks using body-related stimuli (Deconinck, Spitaels, Fias, & Lenoir,
2009; Williams, Omizzolo, Galea, & Vance, 2013), or explicit imagery tasks that require
sequential movements to targets of different size, wherein the customary speed-accuracy
trade-off seen in real movements is not observed (Ferguson, Wilson, Smits-Engelsman,
2015; Lewis, Vance, Maruff, Wilson, & Cairney, 2008). Perhaps even more compelling is
recent data showing poor prospective planning of target-directed movements in DCD
(van Swieten et al, 2010; Adams, Ferguson, Lust, Steenbergen, & Smits-Engelsman, 2016).
While grasp orientations are generally planned with a forward view to end-state comfort
(Rosenbaum, et al. 1990), children with DCD are less able to plan prospective actions on this
basis, particularly for more complex movements (e.g., grasping an object for subsequent
insertion in a tight recess, or planning a sequence of movements that differ in terms on
their onward intentions (e.g., to place or to throw) (Wilmut, Byrne, & Barnett, 2013).
Recent research in adults with acquired brain damage (Ertelt, Small, & Solodkin, 2007;
Kim & Lee, 2013; Page, Levine, & Leonard, 2007; Pelosin et al. 2010; Zimmerman-Schlatter,
Schuster, Puhan, Siekierka, & Steurer, 2008) and studies in motor impaired children
(Wilson, Thomas, & Maruff, 2002; Wilson, et al., 2016) support two techniques that target
internal modelling: Motor Imagery (internal rehearsal of a future motor action without
overt motor output) and Action Observation (observation of a to-be-learned action
performed by someone else). Motor imagery and action observation can be considered
two sides of the same coin (namely motor simulation), motor imagery being internally
simulated motor action and action observation being externally modelled motor action
(Vogt, di Rienzo, Collet, Collins, & Guillot, 2013). We already know that motor imagery
and action observation play a role in learning and re-learning complex motor tasks and
share common neurophysiological networks with internal modelling (Jeannerod, 2001).
More recent data reinforce the point of substantial overlap on a neuroanatomical basis
within the mirror neuron system (Jeannerod, 2006; Vogt et al., 2013; Gatti et al., 2013).
The few experimental studies of action observation or motor imagery training in
children with developmental motor disorders have shown great promise (Buccino et al.,
2012; Sgandurra et al., 2013; Wilson et al., 2002, 2016). For example, in a pilot study,
Buccino and colleagues (2012) had children with motor problems as a consequence of
Cerebral Palsy (6-11 years) watch video excerpts of a specific daily action requiring the
use of the arms and/or hands (i.e. grasping an object, using a pencil, playing with Lego)
followed by execution of the same movement for 2 minutes. After treatment this group
performed better on a test that measures the quality of upper limb motor functions (the
Melbourne Assessment Scale (Randall et al., 2001) than a control group receiving no
action observation training but instead observed videos with no specific motor content.
In a group of children with mild to moderate DCD, Wilson and colleagues (2002) showed
that a computer-based motor imagery training (including AO elements) regime improved
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the level of movement skill, and showed comparable effects to physical therapy. This
finding was replicated recently, in a cohort screened rigorously for DCD (Wilson et al.,
2016). In sum, converging evidence from behavioural and neuroimaging studies of motor
control and action in DCD, adult neuropsychology, mainstream neuroscience of motor
control in adults, and existing data on the effects of motor imagery training across
populations, suggest that motor imagery is a prime modality that may serve motor
intervention for children motor problems.
Currently, task-oriented approaches such as CO-OP are often used by occupational
and physical therapists to treat children with DCD (Miller, et al. 2001; Smits-Engelsman
et al., 2013). The CO-OP approach is based on cognitive behaviour modification
theories, in particular the verbal self-instruction strategy developed by Meichenbaum
(1977). During a CO-OP intervention, a child learns this self-instruction strategy, which
enables the child to identify why the performance was not successful, and to invent and
execute plans to correct his/her task performance (the ‘goal-plan-do-check’ strategy)
(Barnhart et al., 2003). It is based on the belief that when a child guides himself
through a problem-solving task by talking aloud, he/she learns to regulate behaviour
by learning how to identify a goal, develop a plan and evaluate the success of that
plan (Sangster et al., 2005). Several studies have shown that the CO-OP intervention
is effective in obtaining the goals chosen by children with DCD (Corcoran et al., 2005;
Miller et al., 2001; Polatajko, Mandich, Missiuna, et al. 2001; Zwicker et al., 2015).
In this paper we present the results of a multiple case study comparing motor imagery
with CO-OP training for children that meet the clinical criteria for DCD (DSM-V). The COOP training was considered the usual care for children with DCD since it is recommended
as one of the treatment options in the EACD guidelines (Blank, Smits-Engelsman,
Polatjako, & Wilson, 2012; Smits-Engelsman, et al. 2013). Importantly, to enhance the
application of motor imagery training, we use a recently published, systematic protocol
for motor imagery training (Adams, Steenbergen, Lust, & Smits-Engelsman, 2016). In line
with the recommendation of Vogt et al. (2013), the protocol combines both motor imagery
and action observation, where a video model performing the trained motor skill always
preceded the imagery element. To better assess the feasibility and effectiveness of the
training protocol we use a multi-method evaluation combining measures of movement
competency, qualitative reports from children and their parents, and self-reports from
therapists about their experience of using the protocol. Our specific objectives were:
(1) Study individual changes of motor skills after an motor imagery or CO-OP training in
children with DCD.
(2) Assess experiences of participating children and parents via examination of perceived
improvement of motor skills by both, children and parents and by examining if
children enjoyed the training method.
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(3) 
Assess the ease of implementation of the protocol, by examining therapists’
experiences.

9.2 Methods
9.2.1 Participants
Eight children (3 boys, 5 girls) aged 7-12 years were included in this pilot study. Children
were allocated to either the motor imagery (n = 4, 1 left-handed) or CO-OP (n = 4, all righthanded) group. Mean age was 9.5 (range 7.9–12.1) and 9.4 years (8.2–12.0) for the motor
imagery group and CO-OP group, respectively.
The children with DCD were recruited through paediatric physical therapists (PPTs) and
occupational therapists (OTs) who were trained to deliver either the motor imagery or COOP training (see also Adams, Steenbergen et al., 2016). Included children all met the four
DSM-5 diagnostic criteria for DCD (American Psychiatric Association, 2013): (1) mABC2 (Henderson, Sugden, & Barnett, 2007), Dutch validation (Smits-Engelsman, 2010) total
score ≤ 16th percentile or component score ≤ 5th percentile (criterion A DSM-5), (2) referred
to a PPT or OT for motor training and the DCD Questionnaire (DCDQ) (Schoemaker,
Reinders-Messelink, & de Kloet, 2008) was used to further assess interference of the motor
impairment with daily activities and/or academic achievement (criterion B DSM-5), (3)
onset of symptoms in the early developmental period as evidenced by their referral to
a centre for motor training between the ages of 7-12 years (criterion C DSM-5), and (4)
absence of any medical condition that could cause the motor impairment and IQ ≥ 70. This
was checked using a health questionnaire, completed by parents/caregivers. A diagnosis
ADHD was not an exclusion criterion, involved therapists determined whether the child
had enough attentional capacity to be engaged in the motor imagery or CO-OP training.
PPTs and OTs that provided the motor imagery (n = 3) or CO-OP training (n = 4) for this
study were aged 29 – 44 years. Most therapists provided the treatment for one child in
this study, only one therapists provided therapy for two children in this study (case 1 and 3
motor imagery training – Table 9.1). Three PPTs were working in private practices, and two
PPTs worked in a rehabilitation centre. The two OTs that provided the training, worked in a
rehabilitation centre.

9.2.2 Training
Following our protocol, both the motor imagery and CO-OP training were delivered
for 9 weeks, with 1 training session per week lasting 45 min. Children also received a
homework booklet and were required to practice 4 times per week for 10 min at home.
Two self-selected skills of importance to the child were the focus of training. The Motor
Coordination Questionnaire (MCQ adapted from the ‘How Am I doing questionnaire’
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(Calame et al. 2009), also reported in Noordstar, van der Net, Voerman, Helders, &
Jongmans, 2017), was completed by both the parents and the children (guided by the
therapist). The MCQ helped to isolate those motor skills that were difficult (part A) and
important for the child (part B).

9.2.2.1 Motor imagery training
The training protocol consisted of five parts: (a) discuss homework completed in the
past week and determine the goal of the current session (10 min), (b) watch videos of
a selected motor skill from 3rd-person perspective and 1st-person perspective, followed
by mental rehearsal of this skill (10 min), (c) overt practice of the motor skill (10 min),
(d) alternate mental rehearsal and overt practice of the motor skill, and compare and
reflect on the two (10 min), (e) explain homework for the coming week, advise parents to
motivate their child, and determine goals for the week ahead (5 min) - see also Adams,
Steenbergen, et al. (2016).

9.2.2.2 CO-OP training
CO-OP is expected to improve the knowledge of the task through cognitive strategy
use (Polatajko & Mandich, 2004; Sangster et al., 2005) and is based on the verbal selfinstruction strategy developed by Meichenbaum (1997). The training protocol consists of
three main parts: (a) discuss homework from the previous week and determine the goal
of the current session (10 min), (b) practice the selected motor skill using the Goal-PlanDo-Check framework (30 min), (c) explain homework for coming week, tips for parents to
motivate their child, and determine the goal of the week (5 min).

9.2.3 Outcome measures
All tests were performed by one trained assessor who was blind to group allocation at
baseline (T0) and post treatment (T1).

9.2.3.1 Movement Assessment Battery for Children (mABC-2)
The score on the mABC-2 (Henderson, Sugden, & Barnett, 2007 - Dutch validation: SmitsEngelsman, 2010) reflected the fine-motor skills, ball skills, and balance. The individual
change score was the pre-post difference on mABC-2 standard scores. For the mABC-2
the smallest detectable difference (SDD 95%), regarded as clinically relevant (as reported
in the manual) is two standard scores (Smits-Engelsman, 2010).

9.2.3.2 Experiences of children and parents
Parents were asked to fill out the Motor Coordination Questionnaire (MCQ) about 16
motor skills before and after training. Prior to the start, they were asked how well their
child performed these motor skills (part A), and rated the importance of each skill to
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their child (part B). Children completed the same questionnaire during the first training
session. Following the training, parents and children were asked again to fill in this
questionnaire, but instead of part B it was asked to indicate whether they thought that
their (child’s) performance on these motor skills had improved or not (part C). Answers
to part A and part B were filled out on a 5-point Likert scale. For part C of the MCQ,
a 5-point scale was used from -2 (skill became much worse) to +2 (skill became much
better). After the training, children were asked to fill in the Enjoyment Scale; a 5-point
scale with smiley faces (0 no fun at all; 4 super fun) that has been developed by Jelsma,
Geuze, Mombarg, and Smits-Engelsman (2014).

9.2.3.3 Therapists’ experiences
Based on contact between the researchers and the therapists before, during and after
the training, experiences of the participating therapists are reported.

9.2.4 Ethical approval
This study was carried out in accordance with the recommendations of the Committee on
Research Involving Human Subject of the region Arnhem-Nijmegen in the Netherlands
with written informed consent from all subjects. Children’s parents gave written informed
consent and children approved verbally in accordance with the Declaration of Helsinki.
The protocol was approved by Committee on Research Involving Human Subject of the
region Arnhem-Nijmegen in the Netherlands (protocol number 2013/463). The complete
trial is registered at the Dutch trial register, www.trialregister.nl (NTR5471).

9.2.5 Data analysis
As this is a pilot study, we only present descriptive results. Median scores for each group
are reported, as well as individual scores.

9.3 Results
Age, DCDQ score and total percentile score on the mABC-2 before the training (T0) are
displayed for each child in Table 9.1. One child in the motor imagery training group had
a ADHD diagnosis. The therapist in question judged this child’s attentional skills to be
sufficient for the motor imagery training. The different motor skills that were trained
during the motor imagery and CO-OP are also displayed in Table 9.1.
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Table 9.1. – Participants’ characteristics and trained motor skills
Subject

Age (range
in years)*

DCDQ
-score

mABC-2
percentile
score (T0)

Imagined and trained motor
skills

Motor imagery training
1

11-12

24

9.0

Running:
- running, grab an object and run
back
- slalom forwards and backwards
- running towards an unpredictable
object (square ball)
- playing tag

Throwing and catching:
- underhand throw and catch – both
hands and one hand
- throwing upwards, catching and
bounce
- overhand throw and catch – both
hands and one hand
- throwing at a target and catch

2

8-9

28

0.1

Jumping a rope
(turning the rope oneself):
- pace of turning the rope
- jumping forwards
- jumping high enough
- turning the rope forwards and
backwards

Jumping a rope
(jumping in):
- pace of jumping
- in-between jump
- position where to jump
- jumping with and without
trampoline
- lifting the legs high enough

3

8-9

56

5.0

Running:
- running fast and decelerate and stop
- slalom forwards and backwards
- running towards and unpredictable
object (square ball)
- playing tag

Writing:
- sitting correctly at the table
- position of paper
- holding the pencil
- moving smoothly over the paper
- writing neatly

4

7-8

26

0.5

Throwing:
- underhand throw
- overhand throw
- throwing against wall and catch

Catching:
- catching different balls
- catching from different distances

32

1.0

Bicycling
- get the bike
- get on the bike
- moving the pedals forwards
- turning with the bike
- stopping
- get of the bike

Throwing and catching a basketball
- Aiming at basketball net
- bounce the ball
- Running towards basketball net
and throw the ball

Jumping a rope:
- turning the rope oneself
- pace of turning
- pace of jumping
- jumping at one place

Playing badminton
- serving underhand
- hitting back underhand or
overhand
- walking backwards

CO-OP training
1

2

11-12

9-10

37

2.0
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Table 9.1. – Continued
Subject

Age (range
in years)*

DCDQ
-score

mABC-2
percentile
score (T0)

Imagined and trained motor
skills

3

7-8

42

5.0

Tying shoe laces:
- feet at chair or footstool
- making a loop, and turning the
other part around it

Eating with knife and fork:
- sitting correctly at the table
- holding knife and fork
- position of elbows
- use knife to push some food on the
side of the fork

4

7-8

47

0.5

Bicycling:
- position of pedals
- balance only when moving
- starting to cycle
- turning
- stop cycling and brake
- get off the bike

Writing:
- not writing too fast
- writing letters with enough space
between letters
- writing neatly

* Because of anonymity of the participants, the age range in years is given instead of the
exact age.

Figure 9.1. – Individual (pre-post) change scores on the mABC-2. Positive values indicate
improvement.

180

9.3.1 Individual change scores on the mABC-2
The individual change scores are displayed in Figure 9.1. Two children in the motor
imagery group and three children in the CO-OP group improved their mABC-2 total score
with 2 or more standard scores.

9.3.2 Experiences of participating children and parents
The results on part C of the MCQ are displayed in Figure 9.2. In the motor imagery group
parents reported a median increase of skills of 10.5 points (range 8.0–17.0), in the CO-OP
group an increase of skills of 10.0 points (9.0–14.0). The children in the motor imagery
group reported a median increase of 12.5 points (8.0–17.0), in the CO-OP group an
increase of 5.5 points (range 4.0–10.0). Data from part C of the MCQ of two children in
the motor imagery group were missing because these two therapists forgot to fill out the
MCQ during the last treatment session.

9

Figure 9.2. – Perceived change of motor skills after the training of both parents and children
(part C Motor Coordination Questionnaire). Positive values indicate improvement.
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Data from one child in the motor imagery group on the Enjoyment Scale was missing. A
median score of 3.0 (range 2.0–4.0) was reported in the motor imagery group, and also
median score of 3.0 (range 3.0–4.0) in the CO-OP group.

9.3.3 Therapist’s experiences
Therapists that provided the motor imagery training to children (n = 3) were asked
about their experiences with the training. They reported that it was hard to stick to the
protocols guidelines, because they are used to combine several approaches (such as
cognitive strategies from the CO-OP, or principles of motor control and motor learning
from NTT). However, they were enthusiastic about using the motor imagery training,
and believed that this approach could help children with DCD to be more aware of their
motor planning. Therapists reported that children enjoyed this kind of therapy, and that
they themselves realized that it is beneficial to teach children new movements from a 1st
person perspective. In addition, one therapist reported that the motor imagery training
also helped to improve the concentration and focus of the child. When performing
this pilot, it appeared that it was difficult and time-consuming to collect all of the
measurements (questionnaires, additional video recordings) that were stated in protocol.

9.4 Discussion
The aim of this multiple case study was to explore the feasibility of a recently developed
motor imagery training protocol and to examine individual changes in motor skill in a
small-n pilot trial (Adams, Steenbergen, et al. 2016). To that end we used a multi-method
evaluation in which we assessed (1) individual changes of motor skills after the training
(2) experiences of the children and their parents, and (3) experiences of the therapists.
Results showed clinically significant levels of improvement among children in both the
motor imagery training and CO-OP training group, but not uniformly. Importantly, results
for Part C of the Motor Coordination Questionnaire show that both parents and children
perceived an improvement in motor ability after training. Indeed, even those children
who achieved a minor improvement of 1 standard score on the mABC-2 (case 1 and 2 of
motor imagery training) were perceived by parents (and by the children themselves) as
showing improvements in their motor skills (Figure 9.2). This underscores the importance
of gathering corroborating data from other sources when assessing change (Hillier, 2007).
In the CO-OP group discrepancies between the parents’ and children’s score on part C of
the MCQ were found (Figure 2). Discrepancies between the children’s and parents’ view on
motor proficiency and improvement after training are well known. Kennedy et al. (2013)
showed that parents’ views supported the results of standardized assessment and reinforces
the value of eliciting parents’ perspectives during the assessment process. It was also
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found that children’s perspectives did not predict the results of standardized assessments.
However, children’s views of their abilities are important because they may have an impact
on their motivation to engage in therapy activities. To capture the most comprehensive
picture of a child’s motor skills, it is important to combine both standardized assessments
(such as the mABC-2), parents’ and child’s perspective of motor proficiency (Kennedy et
al., 2013). In the current study, children enjoyed both types of training, as indicated by the
Enjoyment Scale, which is vital for compliance and general motivation (Barlett & Palisano,
2002). Therapists that provided the motor imagery training were enthusiastic about the
therapy, but found it difficult to treat in line with a strict protocol. These results add to
the growing body of evidence suggesting that motor imagery training could serve as an
adjunct for treatment of motor problems in DCD. The multi-method assessment of the
feasibility of motor imagery training in children with DCD in the current study is a necessary
and important step before enlisting a full-scale (randomized) clinical trial. The theoretical
and applied issues for motor imagery training resulting from this pilot study are discussed
below, along with the limitations of this study.
The application of motor imagery training in children raises an important developmental
issue that is not apparent in adults, namely the age at which children are first able to
enlist motor imagery reliably in the context of treatment (Crajé, de Graaf, Geurts, Lem, &
Steenbergen, 2010). Recent developmental data sheds some light on this issue. A review
by Spruijt, van der Kamp & Steenbergen (2015b) concluded that motor imagery ability
improves steadily over childhood but approaches adult levels by mid-to-late adolescence.
These developmental trends supported the view that motor imagery training is feasible
for paediatric rehabilitation in typically developing children as young as 5 years of age.
However, they suggest that younger children are likely to benefit from motor imagery
training when it is presented in an implicit way, and that action observation training might
be a useful adjunct for this. In line with this, the present results indicate that a motor
imagery training, which involved action observation can be used as a feasible adjunct in
paediatric rehabilitation in children with DCD from 7 years of age.
In the current study we used a combination of motor imagery, action observation and
overt practice. Action observation helped to build a representation of the skill, while
overt practice enhanced the development of an internal model of the motor skill. It
was hypothesized that this combined approach would promote acquisition of new skills
because it trains internal modelling processes by both mental and physical practice (Di
Rienzo, et al., 2016; Ridderinkhof & Brass, 2015;Vogt et al. 2013). Evidence of improved
performance on the mABC-2 and perceived benefits of training for new skill learning
(reported by parents and children) in the present study lend support for this hypothesis.
Therapists that provided the motor imagery training were enthusiastic about the
training, and noted that it helped children with DCD to be more aware of their motor
planning. One child with a ADHD diagnosis was included in the motor imagery training
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group, and the involved therapist reported afterwards that the motor imagery training
improved the focus and attentional span of this child. Therefore, it is suggested that also
children with ADHD may benefit from motor imagery training, and a ADHD diagnosis
should not be used a priori as an exclusion criteria for these kind of trainings. Negative
comments of the therapists were that it was hard to stick to the guidelines of the protocol
and that filling in the required forms was time-consuming. This latter finding was not only
true for the motor imagery training, but also for the CO-OP training. The research protocol
yielded extra (administrative) work for the therapists although we tried to limit this
burden. Future work should try to decrease the extra effort of therapists even further, for
example by introducing online surveys that could replace the paper forms. Furthermore,
our feasibility study shows that is important to closely monitor adherence to protocol’s
guidelines during such a study. A limitation of evaluating training effects with standardized
tests is that many of the tasks trained are not measured with the mABC-2 (Henderson et al.,
2007). Therefore, far transfer, and not improvement of the trained motor skill is measured
with this test. However, most of the trained motor skills were present in the MCQ. Ideally,
the improvement of specifically the trained motor skill should also be evaluated. In future
studies video-recordings of the performance of the two trained motor skills during the first
and last treatment could therefore be systematically evaluated. An important next step
is to extend the promising findings with a larger clinical trial, incorporating a systematic
evaluation of near and far transfer effects.
In sum, this study demonstrated the feasibility of our treatment protocol (Adams,
Steenbergen, et al., 2016) for use with a clinical group of school-age children with DCD
and results extend earlier efficacy studies (Wilson et al., 2002, 2016). Importantly, this was
demonstrated across different levels of evaluation: behavioural measures of movement
skill, clinical implementation and questionnaires addressing usability and skill acquisition.
In line with earlier research (e.g. Corcoran et al., 2005; Miller et al., 2001; Polatajko et al.
2001) the CO-OP approach also resulted in improved motor skills in children with DCD
(perceived improvement and improvement on standardized test). A critical question to
be addressed in future work is whether motor imagery protocols can be integrated within
traditional physical or occupational therapy as a cost effective adjunct to therapy; this
might take the form of home-based training using tablet PCs and other technologies; e.g.,
a suite of training videos accessed online.
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The aim of the present thesis was to examine predictive control of movements in children
with DCD. The performance across tasks that tap into different aspects of predictive
control were examined, as well as its developmental trajectory. In this final chapter of the
thesis, the theoretical and clinical implications of findings are discussed and challenges
for future research are presented.

10.1 Theoretical implications
10.1.1 Internal modelling deficit (IMD) hypothesis
The internal modelling deficit (IMD) hypothesis was proposed by Wilson and Butson
(2007), with similar arguments put forward by Kagerer, Contreras-Vidal, Bo, and Clark
(2006). The IMD hypothesis states that children with DCD have a reduced ability to
utilize predictive motor control. Children with DCD have difficulties generating or using
predictive estimates of body position as a means of correcting actions in real time.
Although earlier studies examined different aspects of internal modelling (motor imagery,
action planning, rapid online control), the use of various paradigms, experimental
tasks and participant inclusion rules made a comparison among these studies difficult.
Therefore in the present thesis, the ability to use motor imagery, action planning and
rapid online control was assessed using a within subjects design and the participating
children were included according to DSM-IV criteria (current at that time) and attentional
problems were accounted for (except for the study described in Chapter 4). The results
of the present thesis indicate that children with DCD indeed manifest deficits in the
internal modelling of movements across different effector systems supporting the IMD
hypothesis. In the systematic review (Chapter 2), studies were categorized according to
the effector system that was involved: (i) visuospatial attention and oculomotor control,
(ii) control of manual action, and (iii) dynamic postural control. When performing the
systematic review, the results on feedforward planning of manual actions appeared to
be most equivocal. In subsequent chapters, we focused on this effector, the predictive
control of manual actions.
The studies presented in subsequent chapters showed that, during manual actions,
children with DCD manifested deficits with respect to motor imagery and action
planning (Chapters 3 and 4). At the same time, task-related factors constrain their
expression, particularly task-related factors that are related to movement complexity.
Similar to reviewed studies, motor imagery ability was assessed using both an implicit
and an explicit paradigm. In implicit motor imagery paradigms participants are not
directly instructed to use motor imagery, but use of motor imagery is reflected in the
pattern of response time or error data. For limb-related stimuli, the biomechanical
constraints of the simulated movement are reflected in the response time and error
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data. Longer reaction times are present for laterally orientated stimuli than for medially
orientated stimuli (Parsons, 1994; ter Horst, van Lier, & Steenbergen, 2010). When using
explicit motor imagery paradigms, explicit instructions to use motor imagery are given
and performance of explicit motor imagery is more dependent on working memory
(Ferguson, Wilson, & Smits-Engelsman, 2015). Previous studies showed that implicit
learning (i.e. without direct instructions what children have to do or learn) is relatively
unaffected by age, whereas explicit learning shows clear increases with age (Meulemans,
Van der Linden, & Perruchet, 1998; Vinter & Detable, 2008). Using an implicit measure of
motor imagery (the hand rotation task) we showed in the present thesis that in children
with DCD a basic ability to represent internally the spatial and temporal coordinates
of a prospective action is present, evidenced by increased reaction times for laterally
orientated stimuli compared to medially orientated stimuli. However, this ability was
less well developed in children with DCD compared to their typically developing peers
as shown by longer reaction times and more errors during task performance. Results
from an explicit measure of motor imagery (a goal-directed pointing task) showed that
children with DCD had a significantly lower correlation between executed and imagined
movements. Furthermore the imagined movements made by children with DCD
conformed to a lesser extent to Fitts’ law compared to their typically developing peers.
These results indicated that children with DCD were less able to represent movements
internally, in accordance with the results from the implicit motor imagery task. Both the
implicit and explicit motor imagery task were complex enough to show impaired motor
imagery in children with DCD.
Like motor imagery, action planning was examined using two different tasks in the
current thesis. The bar grasping task (Crajé, van der Kamp, & Steenbergen, 2009; Noten,
Wilson, Ruddock, & Steenbergen, 2014) and the sword task (Jongbloed-Pereboom,
Nijhuis-van der Sanden, Saraber-Schiphorst, Crajé, & Steenbergen, 2013) were used.
Only when using the sword task, a difference in action planning between a DCD and
control group became apparent. The finding that children with DCD planned less for
end-state comfort could not be explained by an impaired position sense during active
movements. A difference in action planning between the DCD and control group was not
found using the bar grasping task. Although both tasks appear similar, the complexity
of these two tasks is different. In the sword task the target movement has to be more
precise than in the bar grasping task. Furthermore, the grip is different because to be
able to pick up the sword and subsequently reach a comfortable end position the wrist
has to be rotated in an ulnar abduction (Parsons, 1987), whereas in the bar grasping task,
a fist grip can be used and only pronation and supination of the forearm are needed while
executing the task. The finding that differences between children with DCD and a control
group of typically developing children became apparent in the sword task that demands
more precision at the end-state is in line with the precision hypothesis. This hypothesis
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states that the end-state comfort effect should be small or even absent when precision
requirements in the end-state are low (Rosenbaum, vanHeugten, & Caldwell, 1996). In
that respect, to be able to examine action planning ability in DCD compared to peers
end-state comfort tasks with sufficient precision requirements are needed.
In the present thesis we did not find a specific deficit in DCD with respect to rapid online
control, another aspect of internal modelling. This was measured using the rapid online
control task. The absence of impaired rapid online control was not in line with the IMD
hypothesis (Wilson & Butson, 2007). One factor that could explain differences with earlier
studies are differences in movement complexity. For example, to be able to perform
home-based measurements we had to adapt the rapid online control task from a 3D to a
2D task. This reduced the spatial complexity of the task as the movement only needed to
be made in the transversal plane. It is well known from the motor control literature that
fewer degrees of freedom in movement reduces task complexity (Bernstein, 1967). To
be able to examine predictive control in DCD, experimental tasks should have sufficient
or adaptive complexity to allow group differences or differences between individuals to
appear. Specifically, for training purposes, this would imply that it is important to first
decrease task complexity, so that children with DCD are able to perform the task and
learn its characteristics. Then, when children become more proficient, task complexity
can be gradually increased.
Overall, most of our results supported the IMD hypothesis. Our findings also clarify
the task conditions under which children with DCD show deficits in planning for end-state
comfort and rapid online control providing an explanation for the contrasting results of
earlier studies. Deficits in planning for end-state comfort only became apparent using the
sword-task, but not the bar grasping task. We hypothesize that precision requirements
at the end-state of the task should be high enough to elicit group differences between a
DCD and control group. For rapid online control, only for tasks that have sufficient spatial
complexity deficits in online control become apparent in children with DCD.
Results of the systematic review showed that the impaired predictive control in children
with DCD is present across different effector systems. Theoretically, this indicates that
predictive control of movement seems to be a general ability and when impaired, affects
multiple effectors. This indicates that the problem with predictive control of movements
is present at a neural level (Kashiwagi, Iwaki, Narumi, Tamai, & Suzuki, 2009; Ruby, Sirigu,
& Decety, 2002). Impaired feedforward planning of movements then effects the multiple
effectors that are controlled by higher level processes in the cortex. The issue of whether
there are generalized motor programs or more specific memory representations for each
unique movement, relates to a discussion started in the literature about 40 years ago
(schema theory (Schmidt, 1975, 2003) vs. closed-loop theory (Adams, 1971). Schema theory
(Schmidt, 1975, 2003) indicates the existence of a generalized motor program (a memory
representation) and a recall schema. When initiating a specific action, first the generalized
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motor program is needed for the selection of underlying characteristics of an entire class
of movements. Second, the recall schema can be used to supply the generalized motor
program with the details needed to produce the specific action as intended. These two
representations eliminate the need to have separate programs for each and every different
way that an action can be produced or for each effector separately. However, schema
theory cannot account for the extreme levels of movement specificity effects that have
been demonstrated in numerous experiments reviewed in Keetch, Lee, & Schmidt,
2008). Adams (1971) tried to explain this specificity effect by formulating the closed-loop
theory. He presented the accumulation of skill as the learning of a specific representation
in memory. The learning of a positioning movement resulted from the strengthening in
memory of a specific underlying neural representation, which he called the perceptual trace
(Adams, 1971). Possibly, the impaired internal modelling of movements in DCD results in
a perceptual trace of a specific movement that is less strong, because children with DCD
have to practice a motor skill more repeatedly before they master it than their typically
developing peers (Schoemaker & Smits-Engelsman, 2015).
On a clinical level, impaired predictive control across different effector systems
(as shown in our systematic review) will highly impair motor control and explain the
difficulties that children with DCD experience in daily life. If the impaired predictive control
would only be present in one effector, the importance of this deficit for performance
of daily life activities would probably be less. For rehabilitation this could indicate that
training the predictive control of one effector (for example hand movements) might
also have a beneficial effect on the predictive control of another effector (for example
foot movements). Based on the schema theory this implies that improvement of the
generalized motor program will benefit performance across multiple effectors (Schmidt,
1975, 2003). From the perspective of closed-loop theory (Adams, 1971) training should
be focused on repeating a specific movement over and over again to strengthen
the perceptual trace. Benefits of training in other effectors than the effector that is
specifically trained are not expected. Although it is apparent that children with DCD have
problems with the predictive control of movements, the nature of the deficit is not yet
known. Deficits can be caused by either problems with generating an efference copy of
an intended movement, problems with detection of discrepancies between the predicted
and actual sensory feedback or problems with the generation of an error signal (Gomez
& Sirigu, 2015). Children with DCD need a larger discrepancy between sensory and motor
signals to adapt and learn (Gomez & Sirigu, 2015). As suggested by Smits-Engelsman
and Wilson (2013a) it is possible that the motor and sensory systems of children with
DCD suffer from a higher degree of noise. The possible circuits that are proposed to be
dysfunctional during the internal predictive control of movements in children with DCD
are displayed in Figure 10.1 (adapted from Blakemore, Wolpert, & Frith, 2002; Gomez &
Sirigu, 2015).
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Figure 10.1. - Schematic representation of the motor control system. In gray, the motor
representation which is available to consciousness. In black, unavailable to consciousness
in control individuals. In red, key processes that are proposed to be dysfunctional in DCD.
Adapted from Blakemore, Wolpert, & Frith 2002 and Gomez & Sirigu, 2015.

10.1.2 Developmental delay vs. deficit
The debated issue whether the deficit in predictive control observed in DCD reflects
immaturity of the motor system (a developmental delay) or some deviation from normal
development (a disorder), was examined in the present thesis via a longitudinal study
(Chapter 5 and 6). Immaturity is inferred when performance of children with DCD on
a motor task is similar to that of younger children. Deviance is inferred when their
profile of performance does not fit on the normal developmental continuum (Hyde &
Wilson, 2013). Group differences found in earlier research, mainly from cross-sectional
studies (comparing two different groups at one time point with each other), can be
interpreted differently. While some studies suggested a developmental delay model
based on similarities between the performance of children with DCD and younger
typically developing children (Hyde & Wilson, 2013; Wann, Mon-Williams, & Rushton,
1998; Wilmut, Brown, & Wann, 2007), other studies suggested a deviance in development
based on performance similarities between DCD and adults with lesions of parietal and/
or cerebellar networks (Katschmarsky, Cairney, Maruff, Wilson, & Currie, 2001; Williams,
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Thomas, Maruff, Butson, & Wilson, 2006; Wilson et al., 2004). Since these conclusions
are mainly based on cross-sectional studies, they cannot provide a definitive answer on
the question of whether reported deficits reflect delayed or disordered development.
A longitudinal design, examining developmental changes over time is a method par
excellence to track developmental changes within the same individual (Shadish, Thomas,
& Campbell, 2002; Wohlwill, 1970, 1973). Therefore, we examined in a longitudinal study
the development of motor imagery and action planning over a two year period in children
with DCD. A delayed trajectory would be demonstrated by decreased performance in
children with DCD but similar changes over time (similar development) compared
with their age-matched peers. A different trajectory (deviant development) would be
represented by differences in change over time between the two groups (King, Clark, &
Oliveira, 2012).
The development of different aspects of internal modelling ability was examined in
the present thesis. Motor imagery ability was assessed using an implicit and an explicit
motor imagery task. Results on the implicit motor imagery task (the hand rotation task)
showed that children with DCD were able to use motor imagery and during the two
year longitudinal study became faster and made less errors. Still, there was a trend that
children with DCD were slower than their age-matched peers, and made significantly
more errors in all subsequent years. Importantly, the decrease in reaction time and
decrease of number of errors over time, was comparable between the DCD and control
group. Results on an explicit motor imagery task (a goal directed pointing task) showed
that the correlation between executed and imagined movements was significantly
lower in the DCD group than in the control group, and although children with DCD
improved their performance, they did not catch-up with their typically developing peers.
Improvement of correlation between executed and imagined movements over time, did
not differ between the DCD and control group.
The development of action planning was examined using an end-state comfort task.
Results showed that children with DCD planned less for end-state comfort than controls
during the first measurement (T0). However, in subsequent years, no difference in
planning for end-state comfort was found between the DCD and control group.
These results indicate a developmental delay rather than a deviance from normal
development; children with DCD do improve their motor imagery and action skills over
time. For both the implicit and explicit motor imagery task, similar changes over time
were found for the DCD and control group. Using the end-state comfort task, it was found
that children with DCD improved their action planning ability more than the control
group, indicating a catch-up of the DCD children with their peers. It may be hypothesized
that the two year time span was too short for children in the DCD group to develop their
motor imagery capacity to the level of typically developing peers.
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10.2 Implications for rehabilitation
The results presented in this thesis provide valuable information for rehabilitation
programs of children with DCD. Improvement of motor imagery and action planning
ability is possible in DCD, and training might help to enhance an early catch-up with
their typically developing peers. This is supported by studies showing that motor
imagery training is as effective as perceptual motor training in improving motor skills in
children with DCD (Wilson et al., 2016; Wilson, Thomas, & Maruff, 2002). Improving the
motor skills of children with DCD in an early stage, is important not only for their motor
development, but also to prevent associated problems. The impact of DCD is not limited
to daily activities and academic achievement, but also includes poorer physical health
and fitness, and psychological and social outcomes including poor self-concept, anxiety
and social isolation (Kirby & Sugden, 2007; Zwicker, Harris, & Klassen, 2013). Although a
developmental delay suggests that theoretically children with DCD will eventually catch
up with their peers with regard to their motor proficiency, intervening at a young age in
these children will likely prevent associated problems and associated health costs.
Experience with a movement is necessary to build and update movement
representations (Wolpert, 1997) and is therefore a prerequisite for the effectiveness of
motor imagery training (Fusco et al., 2014). Therefore, it is unlikely that motor imagery
training alone improves motor performance in children that have no experience with
the movement that is targeted by the training (see also Mulder, Zijlstra, Zijlstra, &
Hochstenbach, 2004). Rehabilitation programs are likely to be most effective when
targeting movements that are compromised in children with DCD, but with which they
have ample experience. Alternatively, experience with the targeted movement can
be achieved during the training sessions. In the described study protocol for a motor
imagery training (Chapter 8), and (pilot) studies in this thesis (Chapter 7 and 9), indeed a
combination of actual execution of a movement skill and imagery of that same skill, was
a feasible method to increase motor skills in children with DCD.
Currently, studies that performed motor imagery training in children with DCD, used
a mixture of explicit and implicit motor imagery (using action observation - Adams,
Steenbergen, Lust, & Smits-Engelsman, 2016; Wilson et al., 2002, 2016). Results of
the present thesis showed that both implicit and explicit motor imagery ability can be
improved over time in children with DCD. To refine current MI training, and adjust such
interventions to a child’s individual needs, future studies could focus on the effectiveness
of implicit versus explicit motor imagery training. Earlier studies have shown that
effectiveness of motor imagery training is likely to be affected by personal factors such
as inhibitory control, working memory and attention problems (Angelini et al., 2015;
Guillot, Di Rienzo, Macintyre, Moran, & Collet, 2012; Leonard, Bernardi, Hill, & Henry,
2015). The rapid development of executive functions during childhood (e.g Brocki &
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Bohlin, 2004) might impact children’s motor imagery development. Motor imagery
engagement is related to inhibitory control (see also Angelini et al., 2015; Guillot et al.,
2012). When children have insufficient control to inhibit motor output during mental
rehearsal of a movement, this can obstruct their ability to engage in motor imagery and
benefit from motor imagery training (Spruijt, van der Kamp, & Steenbergen, 2015b).
Children with DCD often also experience difficulties with inhibitory control (Leonard
et al., 2015). Therefore, it is particularly important to select children with sufficient
inhibition for implementing motor imagery training as a rehabilitation tool. Children
with DCD also often experience problems with working memory (Alloway & Archibald,
2008) and attention (Leonard et al., 2015; Lewis, Vance, Maruff, Wilson, & Cairney,
2008). Working memory and attention problems might affect a child’s ability to engage
in motor imagery, especially when motor imagery instructions are provided explicitly.
Therefore, in the current thesis we first provided action observation (considered as an
implicit form of motor imagery training – Chapters 7-9) in every training session, before
starting with more explicit motor imagery instructions. Use of action observation, a form
of mental practice in which neural networks in the brain that are involved in execution
of movements are stimulated as a result of observation of movement (Filimon, Nelson,
Hagler, & Sereno, 2007; Grezes & Decety, 2001), by means of videos of the trained
motor skills, can be a good way to provide this. Previous studies have shown beneficial
effects of action observation on motor performance (Buccino et al., 2012; Sgandurra
et al., 2013). The action observation will be more effective if the motor skills observed
have a close resemblance to the imagined activity. Both action observation and motor
imagery will prime the motor networks responsible for these particular actions or similar
ones, and activate the mirror neuron system (Reynolds et al., 2015). Future studies can
further examine what way of motor imagery training (for example implicit vs. explicit
instructions) is effective for specific sub populations, for example children with DCD and
co-occuring attentional problems or impaired inhibition. We hypothesize that implicit
motor imagery instructions, probably by means of action-observation are likely a good
option for these children.

10.3 Limitations and future directions
The reported results in this thesis, provide avenues for future research relating to the
development of predictive control, future clinical trials and the involved neural circuits
underlying impaired predictive control in DCD. First, we argue that it is important that
the development of motor imagery and action planning can be better quantified. In
the current thesis we used an implicit measure of motor imagery, the hand rotation
task, and an explicit measure, a goal-directed pointing task. In cross-sectional studies
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the longer response time for laterally orientated stimuli than for medially orientated
stimuli is seen as evidence for the use of motor imagery (Parsons, 1994; ter Horst, et
al., 2010). In the longitudinal studies we determined whether response times to laterally
orientated stimuli were longer than response times to medially orientated stimuli in all
subsequent measurements, and then studied whether children with DCD and their agematched peers decreased their reaction times and number of errors over time. Decreased
reaction times and number of errors were interpreted as improved motor imagery ability.
Recently, a statistical technique was presented to make inferences regarding the degree
to which a motor or non-motor imagery strategy was used in the HLJ task, in addition to
the present analysis of capability (Spruijt, Jongsma, van der Kamp, & Steenbergen, 2015).
Here, the fit of response time data to two a-priori defined sinusoid models reflecting
the use of a motor or non-motor imagery strategy is analysed (Spruijt, Jongsma, et al.
2015). This technique, can also be used to examine changes in the employed strategy
over time by analysing changes in this fit parameter over subsequent measurements
(Spruijt, Jongsma, van der Kamp, & Steenbergen, in revision). To be able to determine
specific developmental patterns for specific age groups and groups with varying levels
of motor skills using this curve fitting technique, a larger scaled study than the present
longitudinal study is needed. In the analysis of the explicit motor imagery task, we
determined the motor imagery ability during each measurement occasion by examining
the correlation between executed and imagined movements and accordance to Fitts’
law (Fitts, 1954). We could not perform individual analyses on the correlation between
the duration of executed and imagined movements because of the few within subject
data points resulting in an increased probability of Type 2 errors (failure to detect an
effect) (Spruijt, van der Kamp, & Steenbergen, 2015a). Therefore, future studies could
implement a Fitts’ task with more repetitions of trials to be able to perform individual
analyses. Furthermore, also for the explicit motor imagery task a larger research
population is needed to examine development within specific age groups.
The current thesis suggests an early catch-up of motor planning ability of children with
DCD relative to their peers. We suggest that end-state precision might be an important
factor that influences performance of children with DCD on an end-state comfort task.
To examine this more thoroughly, future studies could systematically vary precision in an
experimental task and compare performance of a DCD and typically developing group.
Results of the sword task showed that typically developing children (aged 6-10 years)
plan for end-state comfort only in 40-60% of critical trials (Jongbloed-Pereboom et al.,
2013). This might be explained by the fact that, also with an uncomfortable end-state, it
is possible to insert the sword in the chest and thereby to complete the task successfully.
Tasks that cannot be successfully completed without planning for end-state comfort (like
the hexagonal knob task, used in studies in CP of Mutsaarts, Steenbergen, & Bekkering,
2005, 2006), may be more sensitive to group differences in motor planning ability and
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may provide more insight in the nature of the motor planning deficit. It is possible that
group differences in the bar grasping task were not found because the task was not
posturally demanding enough. Highlighting importance of speed in addition to accuracy
might also increase task load and can be achieved by explicitly recording movement time
or add time constraints.
It is further warranted that future studies examine the development of predictive
control using longitudinal designs that include a larger time-span than the two years
included in the present thesis. Only then it can be studied whether children with DCD
eventually catch up with their typically developing peers in for example motor imagery
ability. Larger scaled studies will also allow comparison of developmental patterns
over time between children with DCD and younger typically developing peers. If these
developmental patterns are the same, the evidence for a developmental delay in DCD
is strengthened. Furthermore, studies focusing on individual developmental patterns
should be conducted given the heterogeneity of the disorder (Bo & Lee, 2013).
In our systematic review we revealed that a lot of studies did not take attentional
problems of children with DCD into account in their study design. Because there are
many children with DCD and co-occuring ADHD (Goulardins et al., 2015), it is important
that future research also focuses on the development of motor skills and predictive
control in this specific group of children. In the present thesis we tried to control for
attentional problems by either including the score on the ADHD Questionnaire in the
analysis (Chapter 3), or by excluding children with ADHD to prevent the confounding
effects of severe attentional problems (Chapters 5, 6).
In addition to studying development in specific subgroups, it is recommended that
future studies examine the effectiveness of motor imagery training in specific subgroups
of children with DCD. It is expected that results might vary between subgroups. For
example, the effectiveness of implicit vs. explicit motor imagery training in children with
only DCD, DCD + ADHD, and DCD with co-occurring working memory problems could
be studied. It is hypothesized that use of implicit motor imagery might be better suited
for children with DCD and co-occurring attentional or working memory problems. This
will enhance our understanding of the motor imagery, and motor skills of these specific
subgroups, and will help to make current motor imagery training more suitable for the
individual child. In the present thesis, we presented two motor imagery training studies
that included action observation by means of videos of the trained motor skills. An
important avenue would be to compare different forms of motor imagery and action
observation, to find out which elements of the training are most effective in children with
DCD. For example, action observation can be a useful adjunct to conventional therapy,
by means of digital videos of selected motor skills that can be watched on tablets or pc’s.
To adjust the current motor imagery training specifically to the child’s age and
individual needs, future studies could focus on developmental patterns of implicit and
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explicit motor imagery ability in different age-groups. In that way, age-appropriate
instructions for motor imagery training can be developed. For example, Spruijt et
al., (2015a) suggested that younger children are likely to benefit from motor imagery
training when it is presented in an implicit way, and use of video’s to promote action
observation might be a useful adjunct for this. Together, this will help to improve current
motor imagery training, and make such interventions more tailor-made.
To be able to include larger samples of children with DCD, and perform analyses on
different subpopulations within the group of children with DCD, continued work and
dedicated collaboration is needed. Consortia should be formed, all contributing to the
performance of a larger scaled study. Only then, more sophisticated statistical techniques
and examination of subpopulations within the group of children with DCD are possible.
In the present thesis we examined the predictive control of movements in children
with DCD on a behavioural level, because our systematic literature review showed
that there were conflicting results in earlier studies. The current thesis confirmed and
broadened the knowledge about a predictive control deficit in DCD. The question that
is still open is which underlying neural circuits cause the impaired motor control seen
in children with DCD. Three neuro-anatomical regions have been proposed as possible
foci for the aetiology of DCD: (1) cerebellum (Debrabant, Gheysen, Caeyenberghs, Van
Waelvelde, & Vingerhoets, 2013; O’Hare & Khalid, 2002; Van Waelvelde et al., 2006), (2)
parietal cortex (Kashiwagi et al., 2009; Zwicker, Missiuna, Harris, & Boyd, 2011) and (3)
basal ganglia networks (Groenewegen, 2003). Evidence of deficits in postural control
and impaired predictive motor timing observed in DCD (Debrabant et al., 2013; Fong,
Tsang, & Ng, 2012; Geuze, 2005) support the cerebellar hypothesis. Evidence of impaired
online control and impaired cross-modal transformation (Hyde & Wilson, 2011a;
Kashiwagi et al., 2009), supports the parietal network hypothesis. The basal ganglia
network hypothesis is supported by the perceptual deficits, sensorimotor coordination
and motor learning deficits (Gheysen, Van Waelvelde, & Fias, 2011; Li, Su, Fu, & Pickett,
2015; Smits-Engelsman, Niemeijer, & van Galen, 2001). The absence of a position sense
deficit as described in Chapter 4, does not support the basal ganglia network hypothesis.
However, we did find support for a deficit in the parietal cortex, by showing motor
imagery and action planning deficits in DCD. The parietal cortex is known to be important
in synthesizing a neuronal representation of intended movements, regardless of whether
the movement is executed (Crammond, 1997). In addition, the parietal cortex is also
known to be important in action planning (Chapman, Heath, Westwood, & Roy, 2001;
Ruby et al., 2002), and is critical to sensory-motor transformations involved in online
manual actions. Given the heterogeneity of individuals with DCD, the aetiology of DCD is
probably not limited to a single brain area or network (Zwicker, Missiuna, Harris, & Boyd,
2010). It is suggested that multiple brain regions should be considered that can contribute
to the motor coordination problems seen in DCD. Future studies that examine neural
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activity during motor imagery and action observation are recommended, to enhance
our understanding of the underlying neural circuits affected in DCD. Intriguingly, current
diagnostic scheduling for DCD describes a neurological condition that affects movement
as an exclusion criterion for a diagnosis DCD. This excludes children with cerebral palsy,
where abnormal development or damage to the brain is present. In recent years, it has
been debated whether cerebral palsy and DCD are indeed discrete disorders or form a
continuum (Pearsall-Jones, Piek, & Levy, 2010). Vaivre-Douret, Lalanne, and Golse (2016)
found a high incidence of a motor pathway dysfunction in 33% of included children with
DCD. More insight into the underlying neural mechanisms is clearly needed in children
with DCD to clarify whether there is indeed a continuum in motor pathway dysfunction
from typically developing children to children with DCD and children with cerebral palsy.

10.4 General conclusion
In sum, the present thesis examined the performance across tasks that tap into different
aspects of predictive control, as well as its developmental trajectory. Predictive control
was impaired across effector systems, and development of motor imagery and action
planning was delayed in children with DCD. Results from the training studies that are
reported in this thesis, showed that motor imagery is a feasible and effective method
to improve motor skills in children with DCD aged 7-12 years. It is recommended that
future studies examine the development of predictive control in different subgroups of
DCD as well as its neural correlates. Also, the effectiveness of different forms of motor
imagery training should be further examined in subgroups of DCD. Together, this will
help to develop cost-effective training methods for children with DCD, to increase their
motor skills and moreover will likely enhance their performance in daily life activities and
academic achievement.
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Summary
Children with Developmental Coordination Disorder (DCD) experience motor difficulties
during many activities, which interfere with their daily living and academic achievement.
The ability to adjust movements seamlessly during the course of action is a vitally
important aspect of control. This ability is based on the capacity of the motor system
to learn its own dynamics and thence to model its own “behaviour” in real time. It
enables the performer to make online adjustments based on forward estimates of limb
position. The internal modelling deficit (IMD) hypothesis states that children with DCD
experience problems in this process of predictive control of movements. The aim of the
present thesis was to increase the knowledge about the predictive control of movements
in children with DCD. To that aim, we used different experimental paradigms and
examined the development of these skills over time. Moreover, we provide insight into
the effectiveness of motor imagery training for children with DCD. We developed a study
protocol to systematically evaluate effectiveness of motor imagery training in children
with DCD and report the results of two training studies.
First, we conducted a systematic review (Chapter 2) to summarize current knowledge
about the predictive control of movements in children with DCD. In this review studies
were categorized according to the effector system that was involved: (i) visuospatial
attention and oculomotor control, (ii) control of manual action, and (iii) dynamic postural
control. The reviewed studies showed support for deficits of predictive control in DCD
which is manifest across effector systems. The evidence for a deficit in the overt and
covert control of eye movements, as well as covert manual action (motor imagery) was
consistent and quite compelling. Results for overt manual control tasks, while more
variable, showed deficits under more complex task constraints. And those for dynamic
postural control, while limited to two studies, showed sufficient evidence for abnormalities
of predictive control. The results on feedforward planning of manual actions appeared
to be most equivocal. The use of various paradigms, experimental tasks and participant
exclusion rules in earlier research made a comparison among studies difficult. Therefore
in subsequent chapters, we focused on the predictive control of manual actions and
carefully selected children with DCD according to the DSM-IV criteria.
Although earlier studies examined different aspects of internal modelling in DCD
separately, these aspects had not been administered within the same group of children.
In the first cross-sectional study (Chapter 3), we focused on the predictive control of
manual actions using three paradigms: motor imagery, action planning and online
control. The results showed that children with DCD (aged 6-11 years) were compromised
in the ability to enlist internal modelling as a control solution in the performance of
goal-directed or simulated action. This was evident in motor imagery tasks and in action
planning tasks. For the rapid online control task, our results show that even with what
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appear to be subtle distinctions in task presentation, complexity, or familiarity can alter
the pattern of performance in children with DCD. We found no significant differences in
the ability to correct movements online between the DCD and control group.
In the next chapter (Chapter 4), we examined the action planning abilities of children
with DCD more elaborately using two experimental tasks, the sword task and bar
grasping task. Only when using the sword task, a difference in action planning between
a DCD (aged 6-10 years) and control group became apparent. A difference in action
planning between the DCD and control group was not found using the bar grasping
task. Differences in task complexity, especially the increased precision demand in the
sword task at the end state and differences in grip type, might explain the differences in
outcomes between tasks. The finding that children with DCD planned less for end-state
comfort could not be explained by an impaired position sense during active movements.
To unravel whether the motor imagery and action planning deficits seen in DCD
reflect a developmental delay or a persistent deficit, we conducted a longitudinal study
on motor imagery and action planning (Chapter 5). Using an implicit motor imagery
task (the hand rotation task), it was shown that children with DCD were slower and less
accurate than their typically developing peers in all subsequent measurements, but were
able to improve their motor imagery ability over time. Furthermore, children with DCD
showed less planning for end-state comfort at the start of the longitudinal study, but
were able to catch up with their typically developing peers during the two-year follow
up. In accordance, using an explicit motor imagery task (a goal-directed pointing task),
it was shown that children with DCD were able to perform an explicit MI task and that
this ability increased over time (Chapter 6). However, the correlation between executed
and imagined movements was significantly lower in the DCD group than in the control
group. Although children with DCD improved their performance, they did not catch-up
with their typically developing peers. Results on the implicit and explicit motor imagery
task suggest a developmental delay, but longitudinal studies across larger time spans are
needed to find out whether children with DCD eventually catch-up with their peers as
shown in the action planning task.
The effectiveness of a motor imagery training for DCD was examined via a replication
study (Chapter 7). The study was designed to replicate earlier findings, targeting a
carefully selected group of children with moderate-to-severe DCD. Children were
referred to one of three groups: motor imagery training, perceptual-motor training
and wait-list control. Results showed that the imagery protocol was equally effective
as perceptual motor training in promoting skill acquisition. This a replication of earlier
findings increasing the evidence for the effectiveness of motor imagery training for
children with DCD.
In a next step, we developed a study protocol to systematically examine the feasibility
and effectiveness of motor imagery training in a more clinical setting (Chapter 8). We
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developed the study protocol to compare motor imagery training and an often used
training for children with DCD, the CO-OP approach (Cognitive Orientation to daily
Occupational Performance). In the study protocol we describe a motor imagery training
consisting of nine individual sessions with a paediatric physical or occupational therapist,
added with homework exercises. The protocol is based on the PETLEPP acronym
that relates to important components when implementing motor-based imagery
interventions, namely: Physical, Environment, Task, Timing, Learning, Emotion and
Perspective components. During a motor imagery session, videos of selected motor skills
are shown (thereby using action observation) and motor skills are imagined and actually
performed, to be able to make a comparison between these two. In Chapter 9 we report
the results of a small-n pilot study on the feasibility of the motor imagery protocol.
Results were positive with two out of four children in the motor imagery group and three
out of four children in the CO-OP group improving their level of movement skill above
clinically meaningful change. Moreover, all children and parents noticed improvements
in motor skills after training.
Overall, the results presented in this thesis support the IMD hypothesis. Results
from the longitudinal studies lent support for a developmental delay in children with
DCD. Longitudinal studies with a longer time-span and larger sample size are needed
to determine whether children with DCD eventually catch-up with their typically
developing peers and examine individual developmental trajectories across age. The
results presented in this thesis provide valuable information for rehabilitation programs
of children with DCD. Because the impaired predictive control of movements was
present across effector systems in children with DCD, training of predictive control of
one effector will likely benefit performance across multiple effectors. Improving the
motor skills of children with DCD in an early stage is important, not only for their motor
development, but also to prevent associated problems. Although a developmental delay
suggests that theoretically children with DCD will eventually catch up with their peers
with regard to their motor proficiency, intervening at a young age in these children will
likely prevent associated problems and associated health costs.
An important next step is to gain more knowledge about the use of motor imagery
training in different subgroups of children with DCD. Use of motor implicit forms of
motor imagery training, for example using action observation, might be useful for
children with DCD and co-occuring attentional problems or working memory problems.
This knowledge will help to make current trainings aimed at improving motor skills in
children with DCD, more cost-effective, and more suitable to the individual child.
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Nederlandse samenvatting
Kinderen met Developmental Coordination Disorder (DCD) ervaren motorische
problemen gedurende het uitvoeren van vele activiteiten. Deze motorische problemen
hebben invloed op het dagelijks functioneren en prestaties op school. De vaardigheid
om bewegingen soepel aan te passen gedurende het uitvoeren van een beweging is
een belangrijk aspect van motorische controle. Deze vaardigheid is gebaseerd op de
mogelijkheid van het motorische systeem om zijn eigen dynamiek te leren en het eigen
‘gedrag’ van het lichaam te voorspellen tijdens de uitvoering van een beweging. Hierdoor
ben je in staat om terwijl je beweegt, aanpassingen te maken in het bewegingstraject
die zijn gebaseerd op voorspellingen van de toekomstige positie van je ledematen.
Problemen met het voorspellen van de uitkomst van een geïnitieerde beweging is
mogelijk één van de oorzaken die de motorische problemen bij kinderen met DCD
kan verklaren. Het doel van dit proefschrift is om de kennis over het voorspellen van
bewegingen bij kinderen met DCD verder uit te breiden. Daarvoor hebben we gebruikt
gemaakt van verschillende experimentele paradigma’s en de ontwikkeling van een
aantal vaardigheden over de tijd bestudeerd. Daarnaast hebben we de effectiviteit van
een motorische inbeeldingstraining voor kinderen met DCD onderzocht. We hebben
een studieprotocol ontwikkeld om systematisch de effectiviteit van een motorische
inbeeldingstraining voor kinderen met DCD te onderzoeken en rapporteren de resultaten
van twee trainingsstudies.
We zijn het project gestart met een systematisch review (Hoofdstuk 2). In dit review
hebben we de recente kennis over het vooruit plannen van bewegen bij kinderen
met DCD samengevat. Daarbij hebben we de geïncludeerde studies ingedeeld op
basis van het uitvoerende systeem: (i) visueel ruimtelijke aandacht en controle van
oogbewegingen, (ii) controle van handbewegingen, (iii) dynamische controle van de
houding. Eerdere studies laten zien dat kinderen met DCD moeite hebben met visueel
ruimtelijke aandacht en de controle van oogbewegingen. Het bewijs voor problemen met
de controle van handbewegingen was ook overtuigend maar er was wel meer variatie
in de uitkomsten tussen de verschillende studies. Er waren slechts twee studies die de
dynamische houdingscontrole bij kinderen met DCD hebben bestudeerd maar deze
lieten beiden bewijs zien voor een verminderde controle van de houding bij kinderen
met DCD. De studies over de controle van handbewegingen lieten de meeste variatie
qua uitkomst zien. Het gebruik van verschillende paradigma’s, experimentele taken en
exclusiecriteria voor de participanten in eerdere studies maakt vergelijking tussen de
studies moeilijk. Daarom hebben we ons in de volgende hoofdstukken gericht op de
controle van handbewegingen en kinderen met DCD zorgvuldig geselecteerd volgens de
DSM-IV criteria.
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Hoewel eerdere studies verschillende aspecten van het vooruit plannen van bewegingen bij
kinderen met DCD apart hebben onderzocht, was er aan het begin van dit promotietraject
nog geen studie die verschillende aspecten van bewegingsplanning binnen één groep
kinderen had onderzocht. In de eerste cross-sectionele studie (Hoofdstuk 3) hebben we
ons gericht op het voorspellen van bewegingen van de hand en arm. Daarvoor hebben we
drie verschillende paradigma’s gebruikt: motorische inbeelding, motorische planning en
het online corrigeren van bewegingen. De resultaten lieten zien dat kinderen met DCD
(leeftijd 6-11 jaar) een verminderde vaardigheid hebben om de uitkomst van bewegingen
te voorspellen tijdens de uitvoering van doelgerichte bewegingen en ingebeelde
bewegingen. Dit werd duidelijk door de uitkomsten van een motorische inbeeldingstaak
en een motorische planningstaak. Voor het online corrigeren van bewegingen werd
duidelijk dat zelfs subtiele verschillen in taakpresentatie, complexiteit of vertrouwdheid
met de taak de prestatie van kinderen met DCD kan beïnvloeden. Er werden geen
verschillen gevonden tussen de DCD- en controlegroep wat betreft het online corrigeren
van bewegingen.
In het volgende hoofdstuk (Hoofdstuk 4) hebben we de motorische planningsvaardigheid uitgebreider bestudeerd gebruikmakend van twee experimentele taken
met verschillende complexiteit, de zwaardtaak en de staaftaak. Daarnaast hebben we
gekeken hoe goed de kinderen de positie van hun arm konden bepalen zonder dat ze
hun arm konden zien. Bij de zwaardtaak vonden we dat kinderen met DCD (leeftijd 6-10
jaar) hun bewegingen in mindere mate vooruit planden dan hun leeftijdsgenoten zonder
motorische problemen. Ze eindigden minder vaak met een comfortabele houding.
Dit verschil werd niet gevonden bij de staaftaak. Verschillen in taakcomplexiteit, met
name de vereiste precisie aan het eind van de taak en de benodigde grip aan het begin
van de taak, kunnen mogelijk de verschillen in uitkomsten tussen de taken verklaren.
Verminderde motorische planning bij kinderen met DCD kon niet worden verklaard door
een verminderde gewaarwording van de positie van de ledematen.
Om te onderzoeken of de verminderde motorische inbeelding en planningsvaardigheden
bij kinderen met DCD het resultaat zijn van een ontwikkelingsachterstand of een
persisterende (neurologische) stoornis hebben we een longitudinale studie uitgevoerd
(Hoofdstuk 5). Gebruikmakend van een impliciete motorische inbeeldingstaak
(de handrotatietaak) hebben we laten zien dat kinderen met DCD langzamer en
minder accuraat waren dan kinderen zonder motorische problemen tijdens de drie
opeenvolgende meetmomenten. Kinderen met DCD waren wel in staat om hun
motorische inbeeldingsvaardigheid te verbeteren over de tijd. De resultaten suggereren
een ontwikkelingsachterstand bij kinderen met DCD. Daarnaast lieten kinderen met DCD
een verminderde planning voor een comfortabele eindhouding zien aan het begin van de
longitudinale studie. De kinderen met DCD waren echter in staat om een inhaalslag te
maken ten opzichte van hun leeftijdsgenoten in de twee opeenvolgende jaren. Daarmee
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in overeenstemming lieten de resultaten van een expliciete motorische inbeeldingstaak
(een doelgerichte wijstaak) zien dat kinderen met DCD in staat waren om deze taak uit
te voeren en dat hun expliciete motorische inbeeldingsvaardigheid verbeterde over de
tijd (Hoofdstuk 6). Niettemin was de correlatie tussen de uitgevoerde en ingebeelde
bewegingen lager in de DCD-groep dan in de controlegroep. Hoewel kinderen met DCD
hun prestatie verbeterden over de tijd waren ze niet in staat om een inhaalslag te maken
ten opzichte van hun typisch ontwikkelende leeftijdsgenoten.
Om de effectiviteit van een motorische inbeeldingstraining voor kinderen met DCD
te onderzoeken hebben we een interventiestudie uitgevoerd (Hoofdstuk 7). De studie
was bedoeld om eerdere resultaten te repliceren, nu in een selecte groep kinderen met
milde tot ernstige DCD. Kinderen werden ingedeeld in één van drie groepen: motorische
inbeeldingstraining, perceptuele motorische training, of een wachtlijst controlegroep.
Resultaten lieten zien dat de motorische inbeeldingstraining even effectief was als de
perceptuele motorische training in het verbeteren van de motorische vaardigheden van
kinderen met DCD. Deze resultaten bevestigen eerdere bevindingen en versterken het
bewijs voor de effectiviteit van motorische inbeeldingstraining bij kinderen met DCD.
Daarnaast hebben we een studieprotocol ontwikkeld om de uitvoerbaarheid en
effectiviteit van een motorische inbeeldingstraining systematisch te onderzoeken
in een meer klinische setting (Hoofdstuk 8). Dit om een vergelijking te maken tussen
een motorische inbeeldingstraining en een reguliere training voor kinderen met DCD,
de CO-OP training (Cognitive Orientation to Daily Occupational Performance). In het
studieprotocol beschrijven we een motorische inbeeldingstraining die bestaat uit
negen individuele sessies met een kinderfysiotherapeut of ergotherapeut, aangevuld
met huiswerkoefeningen. Het protocol is gebaseerd op het PETLEPP acroniem
die belangrijke elementen beschrijft voor het implementeren van een motorische
inbeeldingstraining,

namelijk:

Physical,

Environment, Task, Timing,

Learning,

Emotion en Perspective. Tijdens een motorische inbeeldingssessie werden filmpjes
van geselecteerde motorische vaardigheden getoond. Op die manier werd er gebruik
gemaakt van bewegingsobservatie. Vervolgens werden deze motorische vaardigheden
zowel ingebeeld als daadwerkelijk uitgevoerd om op die manier een vergelijking tussen
deze twee te maken. In Hoofdstuk 9 rapporteren we de resultaten van een kleine pilot
studie naar de uitvoerbaarheid van het studieprotocol. Resultaten waren positief: twee
kinderen in de motorische inbeelding groep en drie kinderen in de CO-OP groep hadden
hun motorische vaardigheden in dergelijke mate verbeterd dat de verwachting is dat dit
positieve effecten heeft op het dagelijks functioneren. Daarnaast rapporteerden zowel
kinderen als ouders een verbetering in de motorische vaardigheden na de training.
Samenvattend ondersteunen bovenstaande resultaten de hypothese dat kinderen
met DCD moeite hebben met het vooruit plannen van bewegingen. Uitkomsten van de
longitudinale suggereren dat kinderen met DCD een ontwikkelingsachterstand hebben
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en geen persisterende stoornis. Longitudinale studies die een langere tijdsperiode
omvatten en een grotere onderzoekspopulatie includeren zijn nodig om te bepalen of
kinderen met DCD uiteindelijk op hetzelfde niveau komen als controles en om individuele
ontwikkeltrajecten per leeftijdsgroep te bekijken. De resultaten die in dit proefschrift
worden gepresenteerd bevatten belangrijke informatie voor revalidatieprogramma’s
voor kinderen met DCD. Omdat de vaardigheid om bewegingen vooruit te plannen
verminderd was bij meerdere effector systemen bij kinderen met DCD, is de verwachting
dat trainen van het voorspellen van een beweging van één effector ook de prestatie van
andere effectoren zal verbeteren. Verbetering van motorische inbeelding en planning is
mogelijk bij kinderen met DCD en training (onder begeleiding van kinderfysiotherapeuten
en ergotherapeuten) kan helpen om ervoor te zorgen dat ze sneller op eenzelfde niveau
als kinderen zonder motorische problemen presteren. Het verbeteren van de motorische
vaardigheden van kinderen met DCD in een vroeg stadium is belangrijk, niet alleen voor
hun motorische ontwikkeling maar ook om geassocieerde problemen te voorkomen.
Hoewel een ontwikkelingsachterstand suggereert dat kinderen met DCD theoretisch
gezien uiteindelijk eenzelfde niveau zullen bereiken qua motorische vaardigheden als
hun typisch ontwikkelende leeftijdsgenoten, zullen trainingen vanaf een jonge leeftijd
problemen in het dagelijks leven en op school zoveel mogelijk voorkomen. Ook de
bijkomende zorgkosten kunnen daarmee mogelijk worden beperkt.
Een belangrijke vervolgstap is om meer informatie te krijgen over het gebruik van
motorische inbeeldingstraining in verschillende subgroepen van kinderen met DCD. Het
gebruik van impliciete vormen van motorische inbeeldingstraining, bijvoorbeeld door
het gebruik van bewegingsobservatie, kan nuttig zijn voor kinderen met DCD die ook
aandachtsproblemen of werkgeheugenproblemen hebben. Deze kennis zal helpen om
bestaande trainingen gericht op het verbeteren van motorische vaardigheden bij kinderen
met DCD meer kosteneffectief te maken en meer aangepast op het individuele kind.
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Dankwoord
Na vijf jaar is het zover, mijn boekje (ik bedoel: proefschrift) is klaar! In dit dankwoord
wil ik graag de mensen noemen die, op wat voor manier dan ook, een bijdrage hebben
geleverd aan dit proefschrift. Want promoveren doe je gelukkig niet alleen.
Bert en Jessica, als mijn promotor en copromotor, heb ik het meeste met jullie besproken
en besloten. Jullie enthousiasme tijdens onze besprekingen en opbouwende feedback
heb ik altijd erg gewaardeerd. Ik kreeg veel ruimte om zelf mijn onderzoeksproject
vorm te geven maar tegelijkertijd ook voldoende advies en sturing wanneer ik deze
nodig had. Ik kon altijd bij jullie binnenlopen. De inhoudelijke, theoretische discussies
waren voor mij altijd een motivatie om weer met frisse moed verder te gaan met een
stuk. Bert, bedankt voor jouw vertrouwen en support zowel bij het indienen van mijn
onderzoeksvoorstel bij het BSI als tijdens mijn PhD project. En Jessica, dank voor jouw
support op wat moeilijkere momenten. Ik bewonder jouw kracht in de afgelopen jaren.
Bouwien, ik ontmoette je al vroeg tijdens mijn promotietraject. Jouw enthousiasme voor
het opzetten van een trainingsstudie werkte al gauw aanstekelijk en samen hebben we
een aantal workshops en trainingen gegeven door het land. En ook al leverde dit niet het
gewenste aantal deelnemers op, ik ben blij dat ik deze stap naar de praktijk heb gemaakt.
Ik heb veel van je geleerd tijdens de workshops en presentaties.
Peter Wilson, thank you for your close involvement in my research project. I highly
appreciated your feedback on our research designs and manuscripts. It was very helpful
to have a fresh look at a first draft of a paper and often you helped to make our reasoning
more clear-cut. I enjoyed the meetings that we had when you visited Nijmegen.
Kinderen (zowel met als zonder motorische problemen), ouders, clinici, paramedici, en
leerkrachten: jullie deelname of bijdrage aan dit onderzoek was essentieel, en werkte
voor mij heel motiverend! Bedankt dat ik drie jaar op rij bij jullie langs mocht komen. Juist
het contact met ‘de praktijk’ heb ik erg leuk gevonden. Daarnaast wil ik graag de collega’s
en gymdocenten uit Groningen bedanken, waar ik mijn pilotstudie mocht uitvoeren.
Ook oudervereniging Balans wil ik bedanken voor de waardevolle samenwerking. En
wat fijn dat een aantal ergotherapeuten en fysiotherapeuten mee heeft gewerkt aan de
trainingsstudie. Zonder jullie inzet had ik deze stap niet kunnen maken.
Ook veel dank aan collega-wetenschappers die mij hebben geholpen bij de opzet,
uitvoering en rapportage van de verschillende studies: Anneloes Overvelde, Gilian
Ferguson, Pauline Aarts, Juan Manterola, Ellen Smulders, Heleen Reinders en Marina
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Schoemaker. Daarnaast wil ik graag alle studenten bedanken die mij hebben geholpen
bij het ontwikkelen van de trainingsstudie, dan wel dataverzameling: Max Keurentjes,
Jesper Lange, Thomas Doll, Dionne van der Veen, Ylva Lemmers, Nancy Stokkers, Maykel
Silderhuis en Marlies Smits.
Mijn directe collega’s in Nijmegen: Marlous, Ingar, Rosa, Suzanne, Marjolein J., Steffie,
Maaike, Marjolein B., Femke, Marina, Elise, Sandra, Jarno, Eralt, Hilde, Marijtje en Mathijs.
Bedankt voor de fijne werksfeer, gezelligheid tijdens de pauze, en spelletjes avonden.
Het was fijn om mensen om me heen te hebben die eenzelfde traject doorlopen, met
de bijbehorende ups en downs. Marlous, er waren altijd genoeg redenen om wat lekkers
mee te nemen naar het werk (vlaai!). Bedankt voor de gezelligheid, kerstversiering en
pepernoten en wat fijn dat je nu mijn paranimf bent. En Ingar, jouw talent voor taarten
bakken is altijd zeer gewaardeerd op de afdeling! Steffie, de eerste jaren van mijn
promotie zaten wij samen op een kamer, bedankt voor de gezelligheid en wat fijn dat ik
met allerlei vragen (zowel praktisch als inhoudelijk) bij jou terecht kon.
Lanneke, Christel, Katja, Lonneke en Anne-Els, bedankt voor jullie administratieve
ondersteuning en hulp bij vragen. Daarnaast wil ik de mensen van het TSG bedanken
voor hun hulp bij zowel het programmeren als het maken van de testopstellingen.
Daarnaast heb ik tijdens mijn promotietraject onderwijs mogen geven en wil ik graag alle
docenten en mede-werkgroepbegeleiders bedanken. Het begeleiden van studenten heb
ik erg leuk gevonden en de intervisiebijeenkomsten met enthousiaste collega’s waren
altijd leerzaam.
Natuurlijk wil ik stilstaan bij mijn vriendinnen, sommigen nog van de basisschool (Liza,
Marjolein) en middelbare school (Melanie, Charlotte, Roos, Astrid), anderen van de studie
(Karlijn, Ingrid, Marlijn, Susan, Amilie). Jullie zorgden voor gezellige momenten op avonden
doordeweeks en in het weekend. Ik waardeer het erg dat we nog vaak gezellige etentjes
hebben of een dagje of weekendje weg gaan. Met sommigen kon ik promotiefrustraties
uitwisselen (Karlijn, Amilie), bij anderen kon ik juist even helemaal loskomen van mijn werk.
Charlotte, wat speciaal dat jij nu mijn paranimf bent en binnenkort ook hetzelfde traject
gaat doorlopen! En Roos, bedankt voor jouw enthousiasme en talent om leuke feestjes te
vinden in de buurt; erg leuk dat jij een tijdje mijn buurvrouw was.
Annie, Henk, Janine & Bastiaan, bedankt dat ik samen met Lucas vaak kon aanschuiven
op zondagavond. Ik word altijd warm ontvangen en waardeer bijzonder de gesprekken
over het nieuws, het werk en eigen ontwikkeling.
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Mijn zus Jessica mag uiteraard niet ontbreken. Tijdens het opstellen van mijn
onderzoeksvoorstel, kwam jij met de suggestie: ‘Kun je niet wat met DCD doen’? Ik
vond het fijn dat ik van dichtbij jouw blik als kinderfysiotherapeut op het werkveld,
en mijn onderzoek, kon meekrijgen. Maar nog veel belangrijker, jouw gezelligheid en
(onuitputtelijke) geklets tijdens etentjes, sporten of op feestjes, zorgden voor vele leuke
avonden! Bart en Jessica, bedankt dat ik nu altijd bij jullie mag logeren als er weer eens
een feestje in Nijmegen is! En daarnaast de ontwikkeling van ‘Nemo’ tot Pepijn ;), wat
mooi dat ik dat van dichtbij heb meegemaakt en nu vaak bij jullie drietjes op bezoek kan.
Hans en Alita, pap en mam: ik wil jullie graag bedanken dat jullie er altijd, écht altijd,
zijn voor mij. Voor hulp en advies op moeilijke momenten, maar vooral ook op gewone,
alledaagse momenten. Jullie stimuleerden mij om dit promotietraject te gaan doen en
met twijfels kon ik bij jullie terecht. Jullie relativerende blik bracht de soms nodige rust
voor mij. Ik hoop dat we na het turbulente afgelopen jaar nu weer volop van de toekomst
kunnen gaan genieten.
Als laatste, lieve Lucas, wat fijn dat wij elkaar hebben gevonden. Na zeven jaar op en neer
reizen eerst vanuit Groningen, later vanuit Amsterdam (waarbij jij denk ik toch echt de
meeste kilometers hebt afgelegd), vind ik het heel fijn dat we nu samen een plekje hebben.
Jij hebt denk ik wel het meeste geluisterd naar mijn verhalen over het werk. Eerst via de
telefoon ’s avonds na het werk, nu ‘live’ doordeweeks ’s avonds thuis. De weekenden voelden
voor mij vaak als een weekendje weg. Je zorgde voor plezier en rust, maar stimuleerde mij
vaak ook om door te zetten bij dingen die ik spannend vond. Daarnaast heb ik met jou al
vele mooie landen en eilanden verkend, mede dankzij jouw Spaanse skills. Bedankt voor
dit alles en ik ben heel benieuwd welk eiland onze volgende bestemming gaat worden!
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